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In the recent years many studies contributed to our understanding of the mechanisms 
that drives the cell cycle machinery. Studies performed in yeast, animals, worms, flies and 
plants revealed that despite the evolutionary distance between these species, an universal 
picture can be drawn on how the basic cell cycle machinery is regulated. However, in spite 
of their highly conserved cell cycle machinery, it is remarkable how plants and animals have 
integrated the control of cell cycle differently into their specific developmental programs. 
In contrast to animals, plants develop mostly post-embryonic, which is characterized by 
continuous growth and organ formation during their entire life-span. This developmental 
style relies on the existence of stem cell niches within the root and shoot apical meristems, 
continuously supplying new cells. Next to this, plants are able to form organs de novo, like 
lateral roots, requiring cell cycle reactivation within already differentiated cells. Additionally, 
besides cell proliferation, endoreduplication plays as well an important role during different 
developmental processes. The plant body shows an amazing flexibility rendering them the 
ability to cope with different environmental and developmental signals. However, although 
different reports describe the influence of different environmental and developmental cues 
on cell cycle progression and endoreduplication, we have currently only limited knowledge 
on how these signals connect to the core cell cycle machinery. 
The aim of this project was to gain insight in how these intrinsic and extrinsic signals are 
integrated with the regulation of the cell cycle machinery. Although different core cell cycle 
genes display developmental and cell cycle-phase dependent transcriptional regulation, it 
is intriguing how little is known on their transcriptional regulators. Therefore the work was 
focused on determining new transcriptional regulators of core cell cycle genes and to try to 
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Cell division is a highly coordinated process. In the last decades, many plant cell cycle 
regulators have been identified. Strikingly, only a few transcriptional regulators are known, 
although a significant amount of the genome is transcribed in a cell cycle phase-dependent 
manner. E2F-DP transcription factors and three repeat MYB proteins are responsible for 
the expression of genes at the G1-to-S and G2-to-M transition, respectively. However, 
these two mechanisms cannot explain completely the transcriptional regulation seen 
during the cell cycle. Correspondingly, several new transcriptional regulators have been 




The cell cycle is a tightly controlled process divided into four distinct phases. During the S and 
M phases, the cell replicates its genome and separates the duplicated genome over the two 
daughter cells, respectively. Both phases are separated by gap phases, designated G1 and 
G2 (Figure 1) (Inze and De Veylder, 2006). It is very important that the cell cycle is regulated 
correctly, as mistakes that affect the genome integrity can have serious consequences for 
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Figure 1: The mitotic cell cycle is divided into four phases: G1 phase, S phase, G2 phase and M 
phase. During the G1 and G2 phases, the cell prepares itself for the duplication of the genome 
(S-phase) or division of the duplicated genome, generating two daughter cells at the end of M 
phase.
Cyclin-dependent kinase (CDK) complexes represent the central control mechanism of cell 
cycle progression (Figure 2) (De Veylder et al., 2003; Inze and De Veylder, 2006). All eukaryotes 
studied until now contain at least one CDK. CDK abundance is on average constant during 
cell cycle progression. It is there association with cyclins, whom expression oscillates during 
cell cycle, that determines the timing of CDK activity and function during specific cell cycle 
phases. The simplest form of CDK-cyclin regulation can be found in yeast. Yeast contains 
only one CDK and its interaction with different cyclins determines the substrate specificity 
of the complex during the different cell cycle phases. In multicellular eukaryotes, the story 
becomes more complex as they contain multiple CDKs. In the model plant Arabidopsis 
thaliana, CDKs are classified in 6 classes (A-F) (Vandepoele et al., 2002). A- and B-type CDKs 
are considered to be the most important CDKs for plant cell cycle progression (Dudits et al., 
2007). CDKA;1 is continuously expressed during the cell cycle and therefore assumed to be 
involved in both S- and M-phase progression. B-type CDKs, which are plant specific, display a 
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temporal expression pattern with a peak at the G2-to-M transition, however involvement of 
B-type CDKs in S-phase control cannot be ruled out (Boudolf et al., 2004; Cools et al., 2010). 
In addition to the many CDKs, Arabidopsis contains more than 50 cyclins divided in different 
subclasses. In general D-type cyclins function mainly at the G1-to-S transition, A-type cyclins 
during the S- to M-phase, whereas B-type are involved in the G2-to-M transition and early 
M-phase regulation (Nieuwland et al., 2007).
Figure 2: Oscillating CDK activity during cell cycle progression. Cell cycle progression is regulated 
through the sequential association of different cyclins with CDKs. A- and B-type CDKs are considered 
to be the most important ones for plant cell cycle progression. In general D-type cyclins function 
mainly in G1/S transition, A-type cyclins during S- to M-phase and B-type cyclins are involved in 
G2/M transition and early M-phase regulation. 
Cyclins are controlled at both the transcriptional and posttranscriptional level. 
Posttranscriptional control is mediated by the ubiquitin proteasome system (UPS), 
targeting cyclin proteins for destruction (Glotzer et al., 1991). The UPS system labels target 


















and degraded. The ubiquitination machinery consists of three main components. The 
ubiquitin-activating enzyme (E1) forms a high energy bound with ubiquitin, which is then 
transferred to the target protein by the combined action of the ubiquitin-conjugating-
enzyme (E2) and the ubiquitin-protein ligase (E3). E3 ligases have an important function in 
substrate recognition and timing of ubiquitination. Two E3 ligases, the Anaphase Promoting 
Complex (APC) and the Skp1/Cullin/F-box (SCF) complex, play a prominent role during cell 
cycle regulation (Peters, 1999; Tarayre et al., 2004; Peters, 2006). D-type cyclins are most 
probably targeted by the SCF complex, as they are stabilized in plants with a defect in a 
ring-box (RBX1) protein, which is a part of plant SCF complexes (Lechner et al., 2002). A- 
and B-type cyclins carry a mitotic destruction box (D-box), marking them as targets for the 
APC. The degradation of A- and B-type cyclins by the APC is essential to exit mitosis, as 
can be seen by the fact that constitutive overexpression of a non-degradable B-type cyclin 
causes severe growth retardation and abnormal development, due to an aberrant mitosis 
and inhibition of cytokinesis (Weingartner et al., 2004).
Next to cyclins, CDK activity is also determined by other mechanisms throughout the cell 
cycle, including activation through phosphorylation by CDK-activating kinases (CAKs). In 
Arabidopsis CDKD and CDKF were identified as CAKs. H-type cyclins control the activity 
of CDKDs (Umeda et al., 2005; Shimotohno et al., 2006). On the other hand, inhibition of 
kinase activity is mediated through inhibitory phosphorylation by WEE1 or by binding of 
CDK inhibitors such as kip-related proteins (KRPs) or SIAMESE proteins (SIMs) (De Veylder 
et al., 2001; Sorrell et al., 2002; Churchman et al., 2006).
The various cell cycle regulators, discovered over the years, have been integrated into 
models, in which the oscillating activity of cyclin-dependent kinase (CDK) complexes is 
the central control mechanism of cell cycle progression. In these models, the cell cycle is 
mainly regulated at the post-transcriptional level. However, transcription profiling studies 
of Arabidopsis thaliana cell cultures spotted more than 1,000 genes that display a cell 
cycle-regulated expression profile, highlighting the importance of transcriptional regulation 
during cell division (Menges et al., 2002; Menges et al., 2005). Strikingly, the number of 
well-characterized transcription factors (TFs) with a function in the cell cycle is limited. Here 
we will discuss the current knowledge on the transcriptional control of the cell cycle. As 
cell division is part of the growth program, many developmental TFs somehow affect the 
cell cycle. As these TFs are discussed in different reviews (Gutierrez, 2005; Ramirez-Parra 
et al., 2005; Busov et al., 2008), we will focus mainly on the TFs with a direct effect on the 
expression of cell cycle genes, namely those with an impact on the transition between the 
different cell cycle phases and those that control cell division entry and exit.
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Transcriptional regulation of the cell cycle
Entry into the cell cycle
Cell cycle initiation needs the stimulation of cells by different growth factors, such as 
cytokinins, auxins, brassinosteroids, sucrose and gibberellins (Inze and De Veylder, 
2006). These mitogens trigger the production of D-type cyclins (CYCD), which in turn 
will activate CDKs during the late G1 phase (De Veylder et al., 2003). However, the signal 
cascades inducing CYCD expression are largely unknown. Transcriptomic and chromatin 
immunoprecipitation (ChIP) experiments have identified the DNA-binding with ONE FINGER 
(DOF) transcription factor OBP1 as an upstream regulator of CYCD3;3 (Figure 3) (Skirycz et 
al., 2008). Additionally, OBP1 controls other key cell cycle genes, such as E2Fa and G2-M-
specific cyclin genes (Figure 3) and therefore might be a general stimulator of cell division. 
In contrast, negative regulators of the cell cycle, such as KRPs, are upregulated by OBP1 as 
well (Figure 3). This dual effect of OBP1 might possibly explain the relatively mild effects of 
OBP1 overproduction on cell division.
OBP1 itself, together with CYCD1;1, was found to be a direct target of the ENHANCER OF 
SHOOT REGENERATION 2 (ESR2)/BOLITA/DORNRÖSCHEN-LIKE (DRNL) TF (Figure 3) (Ikeda 
et al., 2006), which is involved in different hormonal pathways (Ikeda et al., 2006; Marsch-
Martinez et al., 2006; Ward et al., 2006). Overexpression of ESR2/BOLITA/DRNL leads to 
induced shoot regeneration in the absence of cytokinins. Thus, ESR2/BOLITA/DRNL could 
be a downstream factor in the cytokinin signaling pathway resulting in cell cycle induction. 
However, the picture is still unclear, because overexpresssion of ESR2/BOLITA/DRNL 
reduced both cell size and cell number in a conflicting study (Marsch-Martinez et al., 2006). 
Furthermore, a recent study on esr2/bolita/drnl mutant plants could not confirm a cell 
cycle effect, but showed that this particular TF is more likely controlling developmental 
pathways (Figure 3) (Nag et al., 2007).
Another TF possibly directing cytokinin signaling to the cell cycle machinery is the NAC 
transmembrane transcription factor NTM1 (Kim et al., 2006). NTM1 associates with 
intracellular membranes and is released by proteolytic cleavage. The signal stimulating 
this cleavage is unknown, but interestingly, both the membrane-bound and nuclear forms 
of NTM1 are stabilized by cytokinins. Constitutive expression of the active form of NTM1 
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Figure 3: Schematic overview of the TFs and their main targets involved in cell cycle progression. 
The TFs that link the cell cycle with developmental pathways are represented by blue ellipses and 
those with a positive and negative effect on the transition to the endoreduplication cycle are in 
green and red, respectively. Transcriptional regulation and posttranscriptional events, such as 
protein degradation, are shown by thick black and thin grey lines, respectively. Full lines mark 
proven direct regulation mechanisms, dashed lines indicate that the interaction is indirect or that 





CDKs activated by D-type cyclins will push cells into the next phase of the cell cycle, namely 
the G1-to-S transition, controlled by the E2F/retinoblastoma-related (RBR) pathway (Figure 
4). RBR is the plant counterpart of the mammalian retinoblastoma protein (pRB), the 
first identified tumour suppressor gene. In a hypophosphorylated form, RBR binds E2Fs 
through its pocket domain and represses their activity. Upon phosphorylation by CDK-
CYCD complexes, RBR dissociates from E2Fs, thereby releasing their transcriptional activity 
and triggering the G1-to-S transition. The RB/E2F/DP pathway is an excellent example of 
a conserved mechanism in multicellular eukaryotes, as the same system can be found in 
flies, worms, frogs, mammals and plants (Dynlacht et al., 1994; Dyson, 1998; Sawado et al., 
1998; Ramirez-Parra et al., 1999; Albani et al., 2000; Suzuki and Hemmati-Brivanlou, 2000; 
Page et al., 2001; Dimova and Dyson, 2005) (Box 1). It appears that both animals and plants 
integrated the RB/E2F/DP pathway in their own specific developmental programs (Chapter 
3, 4). In mammals for example, the RB/E2F/DP proteins are linked with apoptosis and 
maintenance of the terminal differentiated state (Dimova and Dyson, 2005; Genovese et al., 
2006; Chong et al., 2009). Moreover, pRB also promotes cell differentiation by interacting 
with transcriptional regulators different from E2Fs (Goodrich, 2006). Also In plants, the 
function of RBR was found to be linked with regulation of differentiation (such as male/
female gametogenesis) and stem cell maintenance (Wildwater et al., 2005; Johnston et al., 
2008; Borghi et al., 2010).
The E2F TFs can be divided into subgroups, depending on their structure (typical versus 
atypical) and functional properties (activators versus repressors) (Mariconti et al., 2002; 
Lammens et al., 2009). Arabidopsis contains three typical (or classical) E2Fs (E2Fa, E2Fb, 
and E2Fc), which are characterized by a single DNA-binding domain and a DP dimerization 
domain (Figure 5). Typical E2Fs need to bind one of the dimerization partners (DPa and 
DPb), which will supply a second DNA-binding domain, needed for strong and specific DNA 
binding (Mariconti et al., 2002). Both E2Fa and E2Fb contain a transcriptional activation 
domain, resembled by their ability to stimulate S-phase initiation and cell cycle progression 
by the activation of several DNA replication genes, such as CDC6, MCM3, ORC1, CDT1a, 
PCNA, RBR, ETG1 and RNR (Figure 3) (Chaboute et al., 2000; de Jager et al., 2001; Egelkrout 
et al., 2001; Chaboute et al., 2002; De Veylder et al., 2002; Egelkrout et al., 2002; Stevens et 




































Figure 4: Model for the transcriptional regulation mechanisms by E2F transcription factors. In the 
G0 phase, S-phase-specific genes are not transcribed because of the inhibitory effect of the RBR 
protein on the E2F/DP heterodimeric complex. When cells are committed to divide, D-type cyclins 
(CYCD) will be transcribed in G1 and will form active complexes with G1–S-specific CDK proteins 
(CDKA). The active CDK–cyclin complex phosphorylates the RBR protein, releasing the E2F/DP 
complex. Subsequently, the active E2F/DP complex will activate the transcription of genes necessary 
for DNA replication. 
Furthermore, transcriptomic analysis revealed that, besides DNA replication genes, genes 
involved in DNA repair and chromatin dynamics can be found among E2F targets (Vlieghe 
et al., 2003; Vandepoele et al., 2005; Naouar et al., 2009). Interestingly, the CDKB1;1 gene 
that is required for entry into mitosis can be found among the target genes as well (Figure 
3), providing a putative crosstalk mechanism between the G1-to-S and G2-to-M transition 
points (Boudolf et al., 2004). Because E2Fb is a target of E2Fa (Figure 1), E2Fa- and E2Fb-
specific target genes are difficult to distinguish (Sozzani et al., 2006), but several points 
of evidence indicate a non-redundant role in cell cycle regulation. E2Fb, but not E2Fa, 
overexpression can render cell suspension cultures auxin independent (Magyar et al., 2005) 
and E2Fa- and E2Fb-specific target genes have been identified by ChIP analysis (Naouar 
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et al., 2009). In vitro, both E2Fa and E2Fb bind the E2F consensus site, but until today 
the mechanisms that determine the target specificity in vivo are still unknown (Kosugi and 
Ohashi, 2002b). In mammals, additional TFs or cis-modules in the neighbourhood of E2F 
sites co-regulate the expression of specific target genes (Liu et al., 1997; Schlisio et al., 
2002; Giangrande et al., 2004; Zhu et al., 2004). In plants, however, additional cis-elements 
and/or co-regulators are yet to be identified.
The E2Fc protein differs from E2Fa and E2Fb by the lack of a transcriptional activator 
domain and is believed to operate as a transcriptional repressor (del Pozo et al., 2002; 
Mariconti et al., 2002). Concomitantly, overexpression of a truncated stabilized form of E2Fc 
inhibits the cell cycle, whereas reduced E2Fc activity stimulates cell proliferation (del Pozo 
et al., 2002; del Pozo et al., 2006). Currently, it is unknown whether E2Fc and E2Fa-E2Fb 
work antagonistically in the control of the S phase or whether E2Fc specifically functions 
in the coordination of cell cycle exit and cell division. It is likely that E2Fs, depending on 
the cellular and environmental context, could work either as activator or repressors of 
cell division or cell differentiation. A recent article exploring the genes induced after E2Fa 
or E2Fc overexpression, showed almost no overlap between their target genes. Similarly, 
in Drosophila only a marginal overlap in target genes can be found between repressing 
and activating E2Fs (Dimova et al., 2003; de Jager et al., 2009). However, examples exist 
were certain E2F-cis elements in a promoter can exhibit both an activating and repressing 
function, although it is not known which E2F complexes mediate these responses (Chaboute 
et al., 2000; Egelkrout et al., 2002).
Besides the typical E2Fs, plants possess also three atypical E2Fs named DEL1, DEL2 and 
DEL3 (or E2Fe, E2Fd and E2Ff respectively). They lack a RBR-binding domain and do not 
need dimerization with a DP partner to associate with the promoters of their target genes 
because their structure contains a duplicated DNA-binding domain (Figure 5) (Lammens et 
al., 2009). Atypical E2Fs operate as transcriptional repressors, but whether they compete 
with classical E2Fs for binding sites or actively repress gene transcription is still unclear. A 
recent study analyzing the function of DEL2 revealed that misregulation of DEL2 affects the 
transcription of several cell cycle genes, including the different E2Fs (Sozzani et al., 2010a). 
DEL2 overexpression plants showed an upregulation of E2Fa, E2Fb and DEL1, resulting in 
stimulation of cell proliferation (Figure 3). Although it is not known if this regulation is direct, 
it indicates the existence of complex regulatory loops between the different E2F TFs. DEL1 
was identified as an important regulator of endocycle onset (Vlieghe et al., 2005; Lammens 
et al., 2008) (see further), while no connection have been found so far between DEL3 and 
cell cycle control. Studies showed that among the target genes of DEL3 several expansin 




Figure 5: Schematic representation of the E2F family of transcription factors. A division can be 
made between classical and atypical E2Fs, where classical E2Fs need to interact with a dimerization 
partner through their dimerization domain. As atypical E2Fs harbor two DNA binding domains in 
their sequence they can bind DNA as monomers. Due to a lack of transcriptional activation domain, 
E2Fc and the atypical E2Fs are viewed as transcriptional repressors. Moreover, classical E2Fs contain 
a RBR binding domain and a marked box, which is assumed to mediate interaction with other 
proteins.
Box 1: Conservation and complexity among the E2Fs
Despite the evolutionary distance between animals and plants, they both use the E2F/DP/
RBR pathway to regulate G1-to-S transition, making this one of the most conserved pathways 
between plants and animals. Even the E2F-binding cis-elements, recognized by E2Fs in the 
promoter of their target genes, is comparable between plants and animals. In mammals 
the E2F TF family can be classified the same way as in plants. The typical E2F group contains 
both activators (E2F1-3) and repressors (E2F4-6), while two members (E2F7-8) are classified 
as atypical E2Fs. Their regulation and target gene specificity are much more intensively 
studied then those of plants, giving a complex image of E2F-dependent regulation (Attwooll 
et al., 2004; Dimova and Dyson, 2005; van den Heuvel and Dyson, 2008).
A considerable amount of studies indicates that the division of E2Fs in repressors and 
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and the developmental context (He et al., 2000; Leone et al., 2000; Wang et al., 2000; 
Wells et al., 2000; Murga et al., 2001; Croxton et al., 2002; Aslanian et al., 2004; DeGregori 
and Johnson, 2006; Kinross et al., 2006; Infante et al., 2008). The transcriptional potential 
and target specificity is additionally determined by protein modification and interacting 
partners (Murga et al., 2001; Stevaux and Dyson, 2002; Dimova et al., 2003; Pediconi et al., 
2003; Attwooll et al., 2004; McClellan and Slack, 2007; Chong et al., 2009; Liao et al., 2010). 
In mammals, and also in worms and flies, additional TF and cis-modules were identified 
that co-regulate the expression of specific target genes (Liu et al., 1997; Schlisio et al., 2002; 
Giangrande et al., 2004; Zhu et al., 2004; Zhu et al., 2005; Nakajima et al., 2007; van den 
Heuvel and Dyson, 2008). Recently in Arabidopsis, the S6 kinase (SK6) was shown to have 
a negative effect on cell cycle progression. Interestingly, S6K interacts with the RBR/E2F 
complex and repression of CDKB1;1 by S6K requires the E2F cis-element in its promoter, 
showing that also in plants co-regulators influence E2F activity (Henriques et al., 2010). 
In mammals and Drosophila it is furthermore clear that E2Fs and pRB family members 
are associated with several chromatin remodelling complexes, responsible for promoter-
specific histone modifications, giving the ability to either activate or repress their target 
genes (Ferreira et al., 1998; Nielsen et al., 2001; Vandel et al., 2001; Frolov and Dyson, 2004; 
Taubert et al., 2004; Blais and Dynlacht, 2007; McClellan and Slack, 2007). 
In both animals and Arabidopsis regulation of E2Fs on protein levels has been demonstrated. 
In poplar, E2Fa is phosphorylated by CDKA, impairing its ability to bind DNA in vitro (Espinosa-
Ruiz et al., 2004). An interesting observation is that both E2Fb and E2Fc protein levels are 
antagonistically regulated by light and auxin. E2Fb protein levels are positively regulated in 
response to auxin application in BY-2 cells (Magyar et al., 2005), while binding of auxin to the 
F box protein SKP2A promotes the degradation of E2Fc by the E3 ubiquitin-ligase SCFAtSKP2A 
(del Pozo et al., 2002; Jurado et al., 2010). López-Juez et al. (2008) showed that transition 
of dark grown seedlings to the light resulted in a degradation and stabilisation of E2Fc 
and E2Fb, respectively, which is in accordance with the fact that light triggers progression 
through the cell cycle (Lopez-Juez et al., 2008). This protein regulation is dependent on 
the Constitutively Photomorphogenic1 (COP1), COP9-Signalosome (CSN), and Deetiolated1 
(DET1) light signalling molecules. Interestingly, many cell cycle regulators in humans, like 
E2F1, p27, cyclinE, CDK9, RB-like 130 and p57kip2 are targets of SKP2, the homolog of the 
plant AtSKP2A (Marti et al., 1999; Tsvetkov et al., 1999; Kiernan et al., 2001; Nakayama et 
al., 2001; Tedesco et al., 2002; Kamura et al., 2003). 
All these data indicate a huge flexibility in the E2F transcriptional network. Different E2Fs 
have unique functions and their response depends on signals, tissue and cell specific 
effects, leading to plasticity in transcriptional output. It is a further challenge to unravel the 
functions of the different plant E2Fs, not only during normal cell cycle progression, but also 
under specific conditions that could trigger tissue- and/or cell type-specific responses. 
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Transcriptional control through chromatin structure regulation
The gene transcriptional status is influenced by the chromatin structure that depends on 
posttranscriptional modifications of the histone proteins (Kouzarides, 2007). Data starts to 
accumulate that transcriptional regulation during the cell cycle is associated with specific 
chromatin modifications (Sanchez Mde et al., 2008). Recently, the large subunit of the 
origin recognition complex (ORC1) was found to activate the expression of specific cell cycle 
genes by histone code modification (de la Paz Sanchez and Gutierrez, 2009). Through its 
plant homeodomain (PHD), which consists out of two zinc finger motifs, the plant ORC1 
binds methylated histone H3 (H3K4me3) at target promoters (including the replication 
genes CDT1a, ORC3, and MCM3) and triggers increased histone H4 acetylation and H4K20 
trimethylation. Being a hallmark of euchromatin, these modifications result into enhanced 
transcriptional activity of the target genes (Figure 3) (de la Paz Sanchez and Gutierrez, 2009). 
However, although in mammals the connection between E2F-pRB and chromatin remodelling 
complexes is extensively shown (Box 1), the knowledge on how this mechanism works in 
plants is poorly investigated. The high homology of the E2F signalling pathway in plants and 
mammals and the similarity of their chromatin remodelling complexes, suggest that also in 
plants E2F/RBR gene regulation could be linked with epigenetic control of gene expression 
(Shen, 2002). Proofs for this came from studies on dedifferentiation of protoplasts, which 
is associated by an increase in chromatin decondensation (Zhao et al., 2001). Moreover 
this dedifferentiation was linked to a decondenstation of E2F target genes, preceding their 
induction at the G1-to-S transition (Williams et al., 2003). Several plant components of 
chromatin remodelling complexes, histone modification enzymes and DNA methylation 
enzymes contain RBR binding motifs, indicating that the E2F/RBR gene regulation through 
chromatin structure regulation probably shares similar pathways in plants and mammals 
(Williams and Grafi, 2000; Shen, 2002; Sanchez Mde et al., 2008). Both in maize and tomato 
it is shown that RBR can interact with histone deacetylases, leading to gene repression (Ach 
et al., 1997; Rossi et al., 2003). However, more investigations are still required to provide 
the missing pieces of the puzzle. 
In Arabidopsis, RBR1 was shown to be able to interact with MULTICOPY SUPPRESSOR OF 
IRA1 (MSI) and FERTILIZATION-INDEPENDENT ENDOSPERM (FIE), both members of the 
FERTILIZATION INDEPENDENT SEED (FIS) PcG complex (Ach et al., 1997; Mosquna et al., 
2004; Jullien et al., 2008). Complexes between RBR, FIE and MSI are described to induce 
heterochromatin configuration to silence gene expression during embryo sac development 
in order to keep the central cell of the embryo sac in a quiescent state until fertilization 
(Johnston et al., 2008). fie and msi mutants show mitotic cell divisions in the central 
nucleus of the embryo sac, giving rise to diploid endosperm in the absence of fertilization 
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(Kohler et al., 2003; Mosquna et al., 2004). Similarly, in RBR1 knockout lines premature 
mitotic cell divisions occur and heterochromatin formation is impaired, showing that RBR-
mediated chromatin remodelling determines the differentiation status of the cells (Ebel 
et al., 2004). In agreement, RBR was reported to be responsible for the downregulation 
of DNA METHYLTRANSFERASE 1 (MET1) in combination with its interacting partner MSI1 
(Jullien et al., 2008). Interestingly, in Drosophila and mammals, pRB also appears to 
mediate gene silencing by cooperation with members of polycomb repressor complexes 
(Blais and Dynlacht, 2007; Kotake et al., 2007; Schwartz and Pirrotta, 2007). Moreover 
these PcG complexes have been associated in animals with various biological processes, 
including differentiation, maintaining cell identity and proliferation and stem-cell plasticity 
(Margueron and Reinberg, 2011). 
In plants, MSI is also a component of chromatin assembly factor 1 (CAF-1) complex. Loss 
of CAF-1 is associated with changes in gene activity of several S-phase-specific genes 
(Schonrock et al., 2006). Interestingly, the promoters of certain genes that are upregulated 
in these mutants where also enriched in typical marks of transcriptional activation such as 
acetylated histones H3 and H4, but they present a reduction in H3K9me2, an epigenetic 
mark of heterochromatin in plants (Ramirez-Parra and Gutierrez, 2007). The transcription of 
FAS1, a subunit of the CAF1 complex, was additionally shown to be a target of different E2F 
family members, pointing to a complex regulatory network (Ramirez-Parra and Gutierrez, 
2007).
Another recent study showed the association of the chromatin remodelling component 
PROPORZI (PRZ1) to KRP loci (Figure 3) (Anzola et al., 2010). PRZ1 presence was linked to 
histone modifications at KRP sites, controlling KRP gene expression in response to auxin. 
However, in the case of PRZ1 and RBR1, this regulation mechanism relates to differentiation 
and thus may only occur in certain cell types or during certain developmental processes. 
Nevertheless, these data point to the importance of chromatin modifications in regulating 
cell cycle gene expression.
Progression through G2-to-M is controlled by MSA cis-acting elements
A wide range of co-regulated G2-M-specific genes possess a M-phase-specific activator 
(MSA) -element in their promoter region (Ito et al., 1998; Menges et al., 2005). In both 
monocotyledons and dicotyledons, the MSA-element is sufficient and necessary to drive 
G2-M-phase-specific gene expression and it is recognized by three Myb repeats (MYB3R) 
TFs (Ito, 2005; Li et al., 2005). In tobacco (Nicotiana tabacum), three MYB3R proteins 
(NtMYBA1, NtMYBA2, and NtMYBB) can bind the MSA element (Ito et al., 2001). NtMYBA1 
and NtMYBA2 display low sequence similarity outside the Myb domains, whereas NtMYBB 
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shows no significant similarity with NtMYBA1 and NtMYBA2, which might explain the 
differences in biological activity between the different MYB3R proteins. While NtMYBA1 and 
NtMYBA2 operate as transcriptional activators of G2-M-specific genes, NtMYBB functions 
as a competitive repressor with the MYB3R activators (Figure 3 and Figure 6) (Ito et al., 
























Figure 6: Models for the transcriptional regulation mechanisms by MYB3R transcription factors 
in Nicotania tabacum. MYB3R TFs bind to MSA-elements in the promoters of their target genes. 
Whereas MYB3RA operates as transcriptional activators, MYB3RB has a repressor activity. During 
G1, S and early G2, MYB3RA target genes are repressed by the binding of MYB3RB. MYB3RA 
proteins appear at late G2 and, once a certain threshold is reached, they will start to occupy the 
MSA-elements, titrating out MYB3RB. Subsequently, MYB3RA proteins activate the expression of 
G2–M-phase-specific genes, among which B-type cyclins (CYCB) and MYBRA. CYCB proteins will bind 
to specific CDKs (CDKA–CDKB) to form active complexes that phosphorylate MYB3RA, resulting in 
MYB3RA superactivation (thick arrow). The result is a positive feed-forward loop.
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Interestingly, Arabidopsis contains five MYB3R proteins, but none is related to the repressor 
type and, similarly, the NtMYBB repressor protein is absent in rice (Oryza sativa) (Haga et 
al., 2007). In Arabidopsis, MYB3R1 and MYB3R4 are the closest homologues of NtMYBA1 
and NtMYBA2 (Haga et al., 2007). Mutants knocked out in both these genes display a 
defective cytokinesis phenotype, primarily caused by a reduced expression of KNOLLE, a 
MSA-element-containing gene involved in cell plate formation during cytokinesis (Figure 3). 
Additionally, other genes with MSA elements in their promoters are misregulated, including 
CDC20.1, CYCB2;1, CYCA1;1, CYCB1;4 and CYCB1;2 (Figure 3). Strikingly, the prototypical G2-
M-regulatory gene CYCB1;1 does not seem to be controlled by either MYB3R1 or MYB3R4, 
which might imply that additional co-regulators are required or that the different MYB3R 
proteins target distinct promoters. A recent study confirmed the binding of the rice MYB3R 
protein, OsMYB3R-2, to MSA-elements in the promoters of G2-M-specific genes, such 
as OsCYCB1;1 and OsKNOLLE2 (Ma et al., 2009). However, activation of these genes by 
OsMYB3R-2 was only seen after cold treatment, indicating functional divergence between 
distinct MYB3R TFs in different plant species.
NtMYBA1 and NtMYBA2 themselves display a G2-M-specific expression profile, posses 
MSA-elements in their promoters and, concomitantly, are upregulated in NtMYBA2 
overexpression cultures (Ito et al., 2001; Kato et al., 2009). The activity of the MYB3R factors 
depends on their phosphorylation by CDK-cyclin complexes, implying a feed-forward loop 
in which cyclins induced by the MYB3R proteins form a complex with CDKs that super-
activates the MYB3R activity (Figure 6) (Araki et al., 2004). Likewise, controlled proteolysis 
of cyclins might rapidly inactivate the MYB3R proteins. Both mechanisms might account for 
the observed sharp peak of expression of B-type cyclin genes during the cell cycle. However, 
the initial trigger that upregulates these MYB3R genes remain unknown.
Other MYB proteins, such as CDC5, MYB59 and MYB11, have been found to play a role in cell 
cycle progression as well (Lin et al., 2007; Petroni et al., 2008; Mu et al., 2009). Loss of CDC5 
in Arabidopsis causes a G2-M arrest, accompanied by a decrease in CDKB1;1 expression 
(Figure 3). CDC5 is probably part of an evolutionarily conserved cell cycle transcription 
program, because homologues can be found in budding and fission yeast, Homo sapiens, 
Caenorhabditis elegans, Drosophila melanogaster, and Xenopus laevis, with an interspecies 
homology larger than that between MYB proteins from the same species (Ohi et al., 1998). 
The working mechanism of CDC5 is not completely clear. In yeast, mammals and Arabidopsis, 
CDC5 binds to specific DNA sequences in vitro and activates transcription (Olave et al., 
2007). Other studies have illustrated that CDC5 is a component of the spliceosome and is 
needed for pre-mRNA splicing (Burns et al., 1999).
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Overexpression of AtMYB59 in yeast cells inhibited strongly cell proliferation, resulting 
in longer cells with a higher degree of aneuploidy and apoptosis (Mu et al., 2009). 
Misregulation of AtMYB59 in Arabidopsis showed mainly a defect in root growth, with 
the overexpression line displaying shorter roots and the Atmyb59 knock-out lines showing 
longer roots. However, except for a higher proportion of metaphase cells, no other cell 
cycle related phenotypes, like cell size, were observed. Yeast one hybrid experiments 
showed that AtMYB59 could interact with specific regions of the CYCB1;1 promoter (Figure 
3). In accordance with that, the transcript levels of CYCB1;1 were reduced in the AtMYB59 
overexpression lines. AtMYB59 shows a cell cycle regulated expression profile with a 
peak in S-phase and S-to-G2-phase transition. Although this cell cycle expression pattern 
could indicate that AtMYB59 is maybe one of the transcription factors driving cell cycle 
progression, more detailed analysis should be performed. The lack of strong phenotypes 
could point to the existence of several redundant factors, which would be not surprisingly 
looking to the size of MYB TF family.
MYB11 has been proposed to regulate the overall growth rate by affecting the proliferation 
rate in meristematic cells (Petroni et al., 2008). Atmyb11 knockout plants display accelerated 
germination, increased leaf and lateral root initiation rates and faster development of the 
inflorescences. As MYB11 targets are currently unknown, it is still unclear whether MYB11 
directly affects the expression of cell cycle genes.
Box 2: Conservation of G2-to-M transition by MYB3R proteins
Homologues of the MYB3R proteins can be found among higher vertebrates, Drosophila 
melanogaster and in the slime mold Dictostelium discoideum. As the slime mold probably 
diverged prior to the differentiation into animals, land plants and fungi, it was postulated 
that MYB3R proteins have evolved early and are evolutionary conserved. In contrast to 
the conserved regulation of G1-to-S transition by E2F TFs across plants and vertebrates, 
the transcriptional regulation at the G2-to-M transition has diverged more widely during 
evolution. While plant MYB3R are mostly acting in the G2-to-M transition, mammalian 
MYB3R proteins appear to function rather at the G1-to-S transition (Nakagoshi et al., 1992; 
Ku et al., 1993; Muller et al., 1999). As in plants, mammalian MYB3R proteins are regulated 
by phosphorylation through specific CDK/cyclin complexes (Robinson et al., 1996; Sala et al., 
1997; Ziebold et al., 1997; Ziebold and Klempnauer, 1997). Additionally mammalian MYB3R 
proteins appear to be connected with the E2F TF pathway as being direct E2F target genes 
(Lam and Watson, 1993; Lam et al., 1995; Joaquin and Watson, 2003) However, recent 
reports indicated that in human cells, Drosophila and zebra fish MYB3R proteins are also 
involved in the G2/M transition (Zhu et al., 2004; Shepard et al., 2005; Nakata et al., 2007).
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Transcriptional control of endocycle onset
The endocycle is an alternative cell cycle during which the cell duplicates its DNA content 
without cell division, leading to a doubling of the DNA content after each cycle (Figure 7). 
The endocycle is a widespread phenomenon and occurs during the development of several 
eukaryote organisms, however the physiological role of endoreduplication is not completely 
clear and still speculative (Box 3). Similarly, not a lot is known about the transcriptional 













Figure 7: The endoreduplication cycle is a variant of the mitotic cycle. Cells go through iterative 
S- and G-phases, duplicating their DNA without intervening mitosis. It is generally believed that cells 
entering the endocycle need to suppress M-phase associated CDK activity to prevent mitosis and to 
allow the re-replication of the DNA.
The switch from the mitotic cell cycle to the endocycle is mediated by a reduction in 
M-phase-specific CDK activity (Sauer et al., 1995; Edgar and Orr-Weaver, 2001; Larkins 
et al., 2001). A decrease in activity of the G2-M-specific CDKB1;1 results in an enhanced 
endoreduplication phenotype (Boudolf et al., 2004). Concomitantly, reduced expression 
of the G2-M-specific A2-type cyclin (CYCA2) genes causes a premature endocycle onset 
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(Imai et al., 2006; Yoshizumi et al., 2006). Also the overproduction of the transcriptional 
repressor protein INCREASED LEVEL OF PLOIDY 1 (ILP1) reduces the CYCA2 expression levels 
and induces endoreduplication (Figure 3) (Yoshizumi et al., 2006). Correspondingly, T-DNA 
insertion mutants of ILP1 show a decreased polyploidy and increased expression of all A2-
type cyclins. The mammalian homolog of ILP1 also affects CYCA2 transcription, indicating 
that the regulation of CYCA2 by ILP1 is conserved (Yoshizumi et al., 2006).
Depletion of DEL1 results in a premature onset of endoreduplication, illustrating that this 
atypical E2F operates as a negative regulator of the endocycle onset (Vlieghe et al., 2005). 
This phenotype is caused by an enhanced expression of the CCS52A2 gene, encoding an 
activator component of the anaphase-promoting complex-cyclosome (APC/C) ubiquitin 
ligase (Figure 3) (Lammens et al., 2008). Probably due to increased CCS52A2 levels, mitosis-
specific cyclins are degraded and cells exit faster the cell division program (Figure 3). After 
the identification of atypical E2Fs in Arabidopsis thaliana, atypical E2Fs were identified 
in mammals (E2F7 and E2F8) as well (Kosugi and Ohashi, 2002a; Mariconti et al., 2002; 
Vandepoele et al., 2002; de Bruin et al., 2003; Di Stefano et al., 2003; Christensen et al., 2005; 
Logan et al., 2005; Maiti et al., 2005). Interestingly, the regulation of APC/C activator genes 
seems to be conserved in plants and mammals as the E2F7 protein is able to bind to the 
promoter of the CDH1 gene, the mammalian counterpart of CCS52A2 (Lammens et al., 2008). 
However, a role for mammalian atypical E2Fs in the control of endoreduplication through 
the repression of CDH1 still has to be proven, as depletion of E2F7 or E2F8 in mammalian 
cells rather causes cell death than enhanced ploidy levels (Li et al., 2008). This could be due 
to differences in cell cycle checkpoint and developmental programs between plants and 
mammals (Cools and De Veylder, 2009). While mammals react on cell cycle defects with 
apoptosis in order to prevent the spread of uncontrolled cells, plants push these cells into 
the differentiation and/or endocycle program, as their rigid cells walls prevent cell migration 
and thus the risk of tumour formation through metastasis. Indeed in Arabidopsis, genotoxic 
stress or overexpression of E2Fs provokes endoreduplication in stead of the observed cell 
death in mammals (De Veylder et al., 2002; Ramirez-Parra and Gutierrez, 2007; Li et al., 
2008; Zalmas et al., 2008; Takahashi et al., 2010). E2F1 is an important target of E2F7 and 
E2F8 regulated apoptosis. As E2F7 and E2F8 are themselves E2F1 target genes, it indicates 
a cross-regulating mechanism that could regulate the balance between cell proliferation 
and cell apoptosis, thereby preventing the risk of tumour formation (Di Stefano et al., 2003; 
Reimer et al., 2007; Li et al., 2008; Zalmas et al., 2008; Endo-Munoz et al., 2009; Lammens 
et al., 2009). Interestingly, the promoter of DEL1 possess E2F-binding cis-acting elements as 
well (Chapter 4), implying the existence of complex transcriptional networks between the 
classical and atypical E2F genes, as observed in mammals. 
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Endoreduplication is an important event during trichome development. Typically four rounds 
of endoreduplication occur, resulting in the characteristic three-branched architecture 
of trichomes. A correlation can be found between the amount of endocycle rounds and 
branching number (Hulskamp et al., 1994; Perazza et al., 1999; Schwab et al., 2000; Breuer 
et al., 2009). TFs that influence the amount of endoreduplication rounds and thus also the 
branching number, include GLABRA3 (GL3), TRIPTYCHON (TRY) and ENHANCER OF GLABRA3 
(Hulskamp et al., 1994; Payne et al., 2000; Zhang et al., 2003). Recently the bHLH TFs GL1 and 
GL3, important for trichome initiation, were found to directly regulate SIAMESE and RBR, 
indicating that these factors are involved in the control of the trichome endoreduplication 
level (Morohashi and Grotewold, 2009). However this regulation is most probably trichome-
specific and so cannot be seen as general endocycle regulatory mechanism.
Box 3: Occurrence and physiological relevance of endoreduplication 
In plants, endoreduplication is a common, often tissue-specific, process and can be found 
in endosperm, suspensor cells, trichomes and tomato fruit. In some plant species, like 
Arabidopsis thaliana, endoreduplication is present in all vegetative tissues (Galbraith et 
al., 1991; Larkins et al., 2001; Schnittger and Hulskamp, 2002; Cheniclet et al., 2005). In 
the animal kingdom endopolyploidy is most present in arthropods, like Dorsophila, where 
the majority of the larval tissues, as well as many adult tissues, enter the endocycle and 
become polyploid (Hammond and Laird, 1985; Edgar and Orr-Weaver, 2001; Weng et al., 
2003; Claycomb et al., 2004). In mammals however, endoreduplication is rather rare and is 
limited to certain cell types, like the placenta, trophoblast, liver cells and megakaryocytes, 
which produces blood platelets (Altmann et al., 1966; Sarto et al., 1982; Garcia and Cales, 
1996; Zhang et al., 1996; MacAuley et al., 1998). Placenta and liver cells are characterized 
by a high metabolic demand, idem ditto for salivary glands, nematode feeding cells and 
the maize endosperm, that all undergo extensive endoreduplication (Kudryavtsev et al., 
1993; Grafi and Larkins, 1995; Zybina and Zybina, 1996; Soares et al., 1998; Zhao and Grafi, 
2000; Edgar and Orr-Weaver, 2001; Larkins et al., 2001; Gregory and Shorthouse, 2003; 
Wildermuth, 2010). It is therefore believed that the increase in DNA content is positively 
correlated to the metabolic output of the cells. However, direct biochemical evidence is 
missing. Additionally, a link between cell size and DNA content has been discussed for years. 
Positive examples exist in maize epidermal cells, cabbage petals and Medicago petioles 
(Melaragno et al., 1993; Cavallini et al., 1997; Traas et al., 1998; Cebolla et al., 1999; Kudo 
and Kimura, 2002; Sugimoto-Shirasu and Roberts, 2003). However this correlation is 
debated as conflicting studies exist that show an uncoupling of ploidy level and cell size (De 
Veylder et al., 2001; Jasinski et al., 2002; Sugimoto-Shirasu and Roberts, 2003; Leiva-Neto 
et al., 2004; John and Qi, 2008).
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Furthermore, endoreduplication has been linked with an increase in stress tolerance. The 
increase in gene copies is thought to provide plants a higher protection against DNA stress. 
Plants with reduced ploidy levels were found to be more sensitive to UV-radiation, causing 
genotoxic stress (Hase et al., 2006; Radziejwoski et al., 2010). One of the hypotheses 
proposed that a higher gene copy number would protect against deleterious mutations 
as they could serve as a genetic backup. On the other hand endoreduplicating cells do not 
divide, thus removing the risk of spreading harmful mutations. Recently DEL1 was found 
to control the DNA repair photolyase PHR1 gene transcription, indicating a correlation 
between endocycle and improved DNA repair (Radziejwoski et al., 2010). In addition, 
endoreduplication could be used as strategy to grow under less favourable conditions 
like cold and drought, although this is not proven (Setter and Flannigan, 2001; Barow and 
Meister, 2003). 
Endoreduplication probably plays an important role in the differentiation of certain tissues 
as the onset of endoreduplication is often characterized with the start of differentiation, 
e.g. during the development of leaves, maize endosperm, tomato fruit, gametophytes in 
Anemia phyllitidis and hypocotyl elongation (Grafi and Larkins, 1995; Gendreau et al., 1997; 
Joubes et al., 1999; Beemster et al., 2005; Kazmierczak, 2010). The loss of endoreduplication 
during the initiation of trichome development leads to the redifferentiation of these cells 
into epidermal cells (Bramsiepe et al., 2010). In addition, during nodule development 
in Medicago truncatula high ploidy levels appear to be necessary for proper nodule 
differentiation (Vinardell et al., 2003).
Cell cycle regulation and development
In multicellular organisms, an intensive crosstalk between cell proliferation and 
differentiation is required for correct development. In plants, the shoot and root apical 
meristem serve as a continuous supply of new cells that are integrated in developing leaves 
or floral meristems and the growing root, respectively. Several TFs have been found to play 
a role in maintaining meristem cell identity or the balance between cell proliferation and 
differentiation, such as AINTEGUMENTA, STRUWELPETER, ARGOS, GROWTH-REGULATOR 
FACTOR5, PLETHORA1/2, WUSHEL (WUS), miR369, and ANGUSTIFOLIA3 (Aida et al., 2004; 
Gallois et al., 2004; Gutierrez, 2005; Ramirez-Parra et al., 2005; Busov et al., 2008; Rodriguez 
et al., 2010). In spite of their observed effects on cell division, it is not always clear whether 
these TFs control directly the expression of cell cycle genes. By contrast, a direct link is seen 
for the TEOSINT-BRANCHED, CYCLOIDEA, and PCNA (or TCP) TFs, which are plant specific 
bHLH proteins, associated with the control of different developmental pathways (Navaud et 
al., 2007). Based on the structure of their DNA-binding domain and their positive or negative 
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effect on cell cycle gene expression, the TCP family members can be divided in class I and 
class II members, respectively (Ingram and Waites, 2006). Although their action mechanism 
is still poorly understood, TCP proteins probably interact with other proteins to activate or 
repress transcription. Recently, the ARMADILLO BTB ARABIDOPSIS PROTEIN (ABAP1) has 
been identified as a co-regulator of class II TCP24 (Masuda et al., 2008). The ABAP1 protein 
contains an armadillo, a Broad complex/Tram-Tranck/Bric-à-brac/Poxyvirus and a zinc finger 
(BTB) domain, both involved in transcriptional regulation, but lacking DNA binding capacity, 
whereas TCP24 binds specifically to the promoters of the chromatin-licensing and DNA 
replication factor genes CDT1a and CDT1b (Figure 3). Therefore, TCP24 and ABAP1 might 
bind as a complex to their target genes, with binding and gene expression control mediated 
by TCP24 and ABAP1, respectively. Correspondingly, in ABAP1 and TCP24 overexpression 
lines, both displaying reduced cell proliferation, the expression levels of CDT1a and CDT1b 
are negatively affected. Furthermore, ABAP1 interacts directly with different proteins of 
the pre-replication complex (pre-RC) that is required to initiate DNA replication. Although 
the significance of this interaction is still unclear, it might represent a mechanism by which 
ABAP1 negatively controls DNA replication both by regulating the expression of pre-RC 
genes and limiting pre-RC utilization. In contrast to class II, class I TCPs positively control 
cell cycle gene expression. In rice, PCF has been identified as a regulator of PCNA genes 
(Kosugi and Ohashi, 1997), whereas in Arabidopsis TCP20 binds to the promoter of PCNA2 
and CYCB1;1 (Figure 3) (Li et al., 2005). The TCP-binding site was shown to be necessary 
for the high expression level of CYCB1;1 in the G2-M phase, making it a good candidate for 
association with MYB3R proteins to co-regulate CYCB1;1 expression. TCP20 also binds to 
the promoters of several ribosomal proteins, indicating a link between cell division and cell 
growth (Li et al., 2005).
Asymmetric divisions
During the development of multicellular organisms, it is necessary to generate patterns 
and cell diversity. Through asymmetric division it is possible to obtain distinct cell types 
from a single progenitor cell, creating structural and functional cell diversity (Petricka et al. 
2009, De Smet et al., 2011, Abrash et al., 2009). A mother cell can divide asymmetrically, 
producing a daughter cell to replace itself and a daughter cell with a distinct fate, as 
can be seen in stem cell divisions. Alternatively, two distinct daughters with different 
developmental potentials can be produced at the expense of the mother cell identity. For 
animals, Drosophila melanogaster serves as a model to investigate the molecular principles 
behind asymmetric division (Wu et al., 2008). Interestingly, although cell division is probably 
not the essential factor to obtain a particular cell fate, modulating core cell cycle genes can 
effect asymmetric localization of cell fate determinants and hence the decision between 
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symmetric or asymmetric division (Tio et al., 2001; Prokopenko et al., 2005,; Cia et al., 
2008). Moreover the connection between misregulation of asymmetric cell division and 
cancer shows the importance of the coordination between asymmetric cell division and cell 
proliferation (Gonzales et al., 2007, Powell et al., 2010).
Throughout plant development, several events require asymmetric division to obtain 
specific cell fate (Figure 8) (Petricka et al. 2009; De Smet et al., 2011, abrash et al., 2009). 
Studies indicate that also in plants a tight connection between asymmetric division and cell 
cycle progression is necessary for correct cell identity specification, however knowledge 
about direct mediators is largely missing. In CDKA;1 loss of function mutants a high 
proportion of distortion in the apical-basal patterning can be observed during embryo 
development (Hemerly et al., 2000). WUS related homeobox (WOX) TFs, which are involved 
in both the zygote apical-basal as the hypophysis asymmetrical division, could be upstream 
candidates of cell cycle regulation. Indeed, wox mutants show several cell division defects 
during embryogenesis, a phenotype severely enhanced by combining mutants in different 
WOX genes (Haecker et al., 2004; Breuninger et al., 2008). During male gametogenesis an 
asymmetric division of the microspore generates a large vegetative cell and a small germ 
cell. After the asymmetric microspore division the newly formed germ cell enters S-phase 
which requires the core cell cycle regulator CDKA;1, while it needs to be repressed in the 
vegetative cells (Iwakawa et al., 2006; Brownfield et al., 2009). Repression in the vegetative 
cells is mediated through cell cycle inhibitors KRP6 and KRP7, which are degraded by SCFFBL17 
in the generative cells, releasing CDKA;1 (Kim et al., 2008). The MYB transcription factor 
DUO1 was shown to be required not only for male germ cell differentiation, but also for 
male germ cell division (Rotman et al., 2005). AtCYCB1;1 could partially rescue the defects 
in germ cell division observed in duo1 mutants, however also here it is not known if this 
interaction is direct or indirect  (Brownfield et al. 2009). Recently it was shown that the APC/C 
plays an important role as well in the mitotic progression during male gametogenesis. The 
APC/C does not only participates in the protein degradation of AtCYCB1;1, it also stimulates 
the expression of miR159 which negatively regulates DUO1, hence influencing AtCYB1;1 
transcription (Zheng et al., 2011). Additionally, loss of RBR results in hyperproliferation of 
both the vegetative and sperm cells and perturbation of vegetative cell fate (Chen et al., 
2009). Overall these studies show that a correct timing and location of expression of several 











Figure 8: Asymmetric cell divisions during Arabidopsis thaliana development. a. Arabidopsis 
stomata development. An asymmetric division of a mersitemoid mother cell (MMC) gives rise to a 
meristemoid cell (M). This cell can self-renew through extra asymmetric divisions or differentiate 
into a guard mother cell (GMC). The GMC will finally divide symmetrically to form to guard cells 
(GC). b, During male gametogenesis an asymmetric division of the microspore generates a large 
vegetative cell and a small germ cell. The latter will divide symmetrically forming two sperm cells. c, 
Cellular diversity during Arabidopsis embryogenesis includes a first asymmetric division generating 
a small apical cell and a large basal cell (left panel). The apical cell will give rise to the majority of 
the embryo, including the entire shoot and a part of the embryonic root. The basal cell develops 
the suspensor, which connect the basal end of the embryo to the maternal tissues during early 
embryogenesis. During embryogenesis, the basal cell also forms the hypophysis cell, which generates 
through another round of asymmetric division the quiescent centre (QC) from the apical cell and 
the columella stem cells from the basal cell (middle and right panel). d, Lateral root initiation in 
Arabidopsis thaliana. Pericycle cells adjacent to the xylem pole will divide asymmetrically into a 
small and large daughter cell with equal identity. These small cells will continue to divide in a well 
defined pattern creating a lateral root primoridium. e, Arabidopsis thaliana root apical meristem. 
The cortex/endodermis initial (CEI) divides asymmetrically to generate two layers of the ground 
tissue (cortex and endodermis). Columella cells are produced through asymmetric division of the 
columella initial stem cell. Differentiated columella cells are characterized by starch accumulation 
(blue dots). Asymmetric division of the epidermis/lateral root cap (Epi/LRC) stem cells give rise 
to both lateral root cap and epidermal cells (a, adapted from Abrash and Bergmann, 2009. b-e, 
adapted from De Smet and Beeckman, 2011).
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In the root meristem two different cell files, namely the endodermis and the cortex, are 
generated by an asymmetric division of a initial stem cell (the cortex/endodermis initial (CEI)) 
located in the basal meristem of the root. SHORT-ROOT (SHR) and SCARECROW (SCR) are 
important transcription factors in this asymmetric division process (Benfey et al., 1993; Di 
Laurenzio et al., 1996; Helariutta et al., 2000). Mutants in SCR or SHR exhibit only one tissue 
layer with a both endodermis and cortex identity or only cortex features, respectively. ChIP-
microarray experiments identified CYCD6;1 as a direct target gene of SHR and SCR (Sozzani 
et al., 2010b). Ectopic expression of CYCD6;1 in shr mutants could partially rescue the defect 
in formative divisions. Additionally, a function for SCR and SHR as stimulators of cell cycle 
progression in the leaves was proposed (Dhondt et al., 2010). scr and shr mutants show a 
reduction in cell cycle division rate, due to a prolongation of the G1-to-S phase, and an early 
exit of proliferation phase during leaf development, accompanied by the misexpression of 
several cell cycle regulators, among which the downregulation of CYCD6;1.
In addition to its role in cell fate determination, SCR is involved in root meristem stem cell 
maintaining. Inside the meristem, the quiescent centre (QC) keeps the surrounding cells in 
a stem cell state. As SCR and SHR are necessary for QC specification, mutations in SCR and 
SHR cause defective QC specification, differentiation of stem cells and meristem termination 
(Sabatini et al., 2003; di Laurenzio et al., 1996). Interestingly, the depletion of RBR1 in the 
meristem of scr mutants restores the maintenance of root stem cells (Wildwater et al., 
2005). Similarly, local reduction of RBR1 in wild type background increases the number 
of stem cells in the shoot and root apical meristem, while an overexpression leads to a 
decrease in stem cell number, showing its involvement in stem cell division in the root 
meristem (Wildwater et al., 2005, Borghi et al., 2010).
Finally, asymmetric cell division upon lateral root initiation coincides with the expression 
of different core cell cycle regulators (Himanen et al., 2004; Vanneste et al., 2005). KPR2 
overexpression results in a strong reduction in the number of lateral root, by preventing 
G1-to-S progression (Himanen et al., 2002). Upon lateral root initiation auxin does not 
only mediates a transcriptionally reduction of KRP2, but also leads to the destruction of 
KRP2 protein, releasing CYCD2;1 activity (Sanz et al., 2011). Similarly, E2Fc represses cell 
cycle progression upon lateral root initiation as reductions in E2Fc levels stimulated the 
formation of lateral roots (del Pozo et al., 2006). Interestingly, it was recently show that 
binding of auxin to the F-box protein SKP2A was necessary to promote E2Fc degradation 
(Jurado et al., 2010). These studies indicates that cell cycle progression is essential in lateral 




Many key cell cycle regulators display oscillating expression profiles during cell cycle 
progression. Unfortunately, in most cases, data are unavailable on the TFs that are 
responsible for these expression patterns. An increasing number of TFs have been identified 
that somehow affect cell cycle regulation. Although most studies are based on transcript 
profiling experiments, they often do not reveal whether the genes are directly controlled by 
the studied TF and they rarely give information on their exact working mechanism. Emerging 
tools, such as ChIP in combination with hybridization on genome-spanning tilling microarrays 
(ChIP-on-ChIP) or next-generation sequencing (ChIP-Seq) techniques will probably help us 
in addressing these questions. Additionally, it is clear that several basic cell cycle players are 
regulated in a cell-, tissue- and organ-specific manner and dependent on different extrinsic 
and intrinsic signals. Identifying the link between the core cell cycle machinery and these 
specific molecular signalling pathways will be important to understand the integration of 
cell cycle and endocycle in the development of the multicellular plant body plan.
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Cell cycle regulation involves the sequential activation and deactivation of several 
components during its progression. Although the main emphasis is put on protein 
regulation, many cell division genes show a cell cycle-phase dependent expression. 
However, the currently known transcription factors involved in cell cycle regulation cannot 
explain all the differential gene regulation seen during cell cycle progression. Therefore, 
to understand the transcriptional regulation of cell cycle genes, it is important to identify 
new transcription factors binding to the promoters of cell cycle genes. Here we present the 
use of a yeast one-hybrid approach to identify such new cell cycle regulators. Screening of 
a selection of promoter of genes with an important function in cell cycle regulation led to 
the discovery of several potential regulators. Some of the found protein-DNA interactions 
could be confirmed using a luciferase reporter assay, while for one candidate interactor an 
effect on the DNA ploidy level could be seen upon its overexpression. For most identified 
transcription factors no direct link with cell cycle regulation could be found until now. 
However, this can be explained by the focus of our experiments on changes in ploidy 
levels and so certain cell cycle effects, such as cell number or cell size, could be missed. 
Additionally, the observed interactions could be tissue- or development-dependent, 




Cell division is a crucial part in the development of all living organisms. In the mitotic 
cell cycle, DNA replication (S-phase) is followed by the segregation of the duplicated 
genomic material over the two daughter cells (M-phase or mitosis). Both the S-phase and 
M-phase are preceded by gap-phases (G1 and G2, respectively), in which the cell checks 
if the conditions are optimal to start with the next round of replication and/or mitosis. 
The transitions between the different cell cycle phases are controlled by cyclin-dependent 
kinases (CDKs) that form active complexes with cyclins (Inze and De Veylder, 2006). Next to 
the mitotic cell cycle, an alternative cycle, named endocycle, is prominently present in plants 
(Nagl, 1976; Galbraith et al., 1991). During the endocycle, plant cells duplicate their DNA, 
however mitosis is skipped. As a result, every endocycle doubles the DNA content within 
the cell. Despite its common nature, the physiological role of endoreduplication is poorly 
understood (Edgar and Orr-Weaver, 2001). Endoreduplication probably plays an important 
role in the differentiation process of post-mitotic cells, as the onset of the endocycle often 
characterizes the switch between cell proliferation and differentiation (Grafi and Larkins, 
1995; Gendreau et al., 1997; Joubes et al., 1999; Beemster et al., 2006; Kazmierczak, 2010). 
The ploidy levels of a cell are often inversely correlated with genome size, which has led to the 
hypothesis that somatic polyploidy represents an evolutionary strategy to compensate for a 
lack of phylogenetic increase in nuclear DNA (Barow and Meister, 2003). Other hypotheses 
link endoreduplication with metabolic activity, maintenance of the optimal ratio between 
nuclear and organellar DNA or protection against stress conditions (Melaragno et al., 1993; 
Grafi and Larkins, 1995; Kondorosi et al., 2000; Lemontey et al., 2000; Zhao and Grafi, 2000; 
Sugimoto-Shirasu and Roberts, 2003; Hase et al., 2006; Radziejwoski et al., 2010).
Although cell cycle proteins appear to be controlled mainly at the post-transcriptional level 
(including phosphorylation of core cell cycle proteins and their proteolysis), transcriptional 
regulation can not be ruled out as an important aspect of division control, as many key 
regulators display a specific temporal expression profile during cell cycle progression (Menges 
et al., 2005; Inze and De Veylder, 2006). Main cell cycle transcriptional regulators are the 
E2F transcription factors (Berckmans and De Veylder, 2009). Activation of the CDK-cyclin 
complexes counteract the inhibitory interaction of the RBR protein to the E2F transcription 
factors, which results in the activation of E2F target genes involved in processes like DNA 
replication, chromatin modelling and DNA checkpoints (Vandepoele et al., 2005; Naouar et 
al., 2009). Besides E2Fs, several other transcription factors (TFs) were recently discovered 
as direct regulators of cell cycles genes (Ito et al., 2001; Li et al., 2005; Ikeda et al., 2006; Kim 
et al., 2006; Skirycz et al., 2008; Berckmans and De Veylder, 2009; Sozzani et al., 2010; Xie et 
al., 2010). However, the current knowledge cannot explain all the transcriptional regulation 
seen during cell cycle progression, indicating that more players still need to be found.
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Different approaches can be applied to study transcriptional regulation, which can be 
divided in “TF–centred” and “gene–centred” methods (Walhout, 2006; Priest et al., 2009). 
TF-centred techniques include DNAse footprinting, DNA adenine methytransferase-ID and 
chromatine immunoprecipitation (ChIP). ChIP is an emerging technology that can be used 
to identify target sequences of a particular TF, hence it does not lead to new regulators as 
knowledge of the TF is necessary to perform the experiment (Bowler et al., 2004; Haring 
et al., 2007). A widely used gene-centred technique is based on searching for shared cis-
elements in promoters of co-regulated genes (Bussemaker et al., 2001). However, this 
will not automatically lead to the identification of the particular TF responsible for their 
regulation. This is because not all functional cis-elements will be found or the found cis-
elements are not experimentally characterized yet. Moreover, these cis-acting elements 
are often too short to be clearly connected to a specific TF, especially if the TF belongs 
to a large protein family that shares DNA-binding elements. Additionally, DNA transcript 
profiles measure the amount of gene transcript, which does not necessarily reflect the 
transcriptional activity of that gene.
Yeast one-hybrid (Y1H) is a good starting system to identify new transcriptional regulators if 
no pre-knowledge is involved. With the Y1H technology a target sequence can be screened 
for possible interactors with the aid of a cDNA library. The Y1H technique (Figure 1) is a 
modified form of the well-known Y2H technology, which is used to detect protein-protein 
interactions, with the exception that the DNA bait replaces the protein bait. The DNA bait, 
representing a short DNA sequence up to a full-length promoter, is fused to a reporter 
gene and integrated into an appropriate yeast reporter strain. Subsequently, this strain 
is transformed with a cDNA library of prey proteins fused to a transcriptional activation 
domain (AD). When a prey protein interacts with the DNA bait, reporter gene expression 
will be activated (Figure 1). Sequencing of the extracted prey plasmid of positive colonies 
allows the identification of the bait-binding proteins.
Previously, Deplancke and colleagues (2004) published the development of a gateway 
compatible Y1H system to screen promoters for new regulators. This gateway compatible 
system allows applying a “high throughput” approach. The system is usable for both small 
(cis-acting elements) and larger (whole promoters) DNA fragments. For the Y1H assay, 
the DNA bait is cloned through recombinational cloning, upstream of two independent 
reporter/selection genes to generate DNA bait:reporter constructs. In the applied system, 
the HIS3 selection gene and the LacZ reporter gene were used (Figure 1). Using two reporter 
constructs allows a more stringent exclusion of false positives. Moreover, both DNA bait 
reporter constructs are integrated into the genome of the yeast strain, which will help to 
create reproducible results and to reduce the background expression of the reporter genes 
(Wang and Reed, 1993; Deplancke et al., 2004). 
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In this work, we used a gateway-compatible Y1H system to screen different key cell cycle 
promoters to obtain a better view on the transcriptional regulation mechanism involved in 
cell cycle and endocycle regulation. Several new potential regulators were found and are 
discussed.










Figure 1: Schematic representation of the Y1H technique. The DNA bait (promoter) is cloned 
upstream of a reporter/selection gene and integrated into the yeast strain. The yeast reporter strain 
can be transformed with a cDNA library or specific preys. All clones are fused with an activation 
domain, leading to activation of the reporter/selection gene upon binding with the DNA bait. 
Results
Screening different cell cycle/endocycle-related promoters
In total 13 promoters were selected to be screened, based on their known function in 
maintaining the mitotic cell cycle or promoting endoreduplication (Table 1). This selection 
contained 4 members of the E2F transcription factor family. Despite as being assessed as 
one of the most important known regulators of cell cycle and endocycle regulation, there 
exists virtually no knowledge about their transcriptional regulation (De Veylder et al., 
2002; Vlieghe et al., 2003; Sozzani et al., 2006). All A2-type (CYCA2;1, CYCA2;2, CYCA2;3 
and CYCA2;4) and one A3-type (CYCA3;2) cyclins were included. Several reports shows that 
CYCA2s are important in maintaining the mitotic cell cycle, as depletion of CYCA2s results 
into premature endocycle onset (Imai et al., 2006; Yoshizumi et al., 2006). Moreover these 
cyclins exhibit a cell cycle-regulated expression profile with a peak from S- until M-phase 
(Menges et al., 2005). CYCA3;2 transcripts show a peak at G1-to- transition and in Nicotania 
tabacum, overexpression of CYCA3;2 results in a reduction of leaf cell differentiation and 
endoreduplication (Yu et al., 2003). KRP2 is a member of the Kip-related-protein (KRP) 
family, important inhibitors of CDK activity (Verkest et al., 2005). Overexpression of KRPs 
usually results in enhanced endoreduplication (Verkest et al., 2005; Weinl et al., 2005). 
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CDKB1;1 and CCS52A2 were included in this analysis to identify new transcriptional 
regulators, but also as possible positive controls as their transcription has been shown 
before to be regulated by E2Fa and DEL1, respectively (Boudolf et al., 2004; Lammens et al., 
2008). CDKB1;1 is assumed to be an important mitotic promoting factor, while CCS52A2 is 
involved in endoreduplication onset (Sigrist and Lehner, 1997; Cebolla et al., 1999; Boudolf 
et al., 2004; Schaeffer et al., 2004; Lasorella et al., 2006; Lammens et al., 2008; Narbonne-
Reveau et al., 2008). Next to KRPs, 
WEE1 is another CDK inhibiting protein. 
WEE1 is transcriptionally induced upon 
DNA damage and causes inhibiting 
phosphorylation of CDKs, resulting in 
a cell cycle arrest (De Schutter et al., 
2007). Identifying potential regulators 
for WEE1 could give a better insight in 
the connection between DNA stress and 
cell cycle regulation.
Table 1: Promoters used for the Y1H cDNA library screen
At first, the promoter regions of the genes were isolated by PCR (Figure 2). For all genes, the 
promoter region was chosen as the sequence upstream of the ATG codon up to the end/
beginning of the upstream-located gene with a maximum of 2kb. Except for CYCA2;1, all 
promoters could be obtained. Isolated promoters were cloned into the two Y1H reporter 
plasmids, which were integrated into the yeast strain YM4271 and subsequently a strain 
with low self-activation for the HIS3 selection and LacZ reporter gene was selected to 
perform the actual Y1H screens (Figure 2). Two promoters (ProCCS52A2  and ProE2Fb) 
showed a self-activation that was too high for a Y1H screen. For ProCCS52A2 this could be 
circumvented by the use of a shorter promoter fragment. For three promoters (ProCDKB1;1, 
ProCYCA2;3 and ProCYCA2;4) a good reporter strain could be generated, but no interactors 
were identified. After filtering for proteins that are annotated as putative transcriptional 
regulators, screening of the remaining promoters resulted on average in the identification 
of 3-to-4 interactors per promoter (Table 2).
















Figure 2: Workflow of the Y1H cDNA library screens. The promoter is cloned upstream of a HIS3 
and a LacZ gene. Both constructs are linearized and subsequently integrated into the yeast strain. 
Independent colonies are assessed for low self-activation and a good colony is selected for cDNA 
library transformation. Y1H interactions are only considered if they confer a positive readout for 
both Y1H reporter genes. Positives clones are retested and identified by sequencing.
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Table 2: Overview of the promoters and their identified interactors
AGI code Annotati on Hits
Promoter E2Fa
At1g31320 LBD domain-containing protein 4 1
AT3g11100 expressed protein,Trihelix family protein, similar to 6b-interacti ng protein 1 (NtSIP1) 17
At2g45410 LBD domain-containing protein 19 1
At2g45420 LBD domain-containing protein 18 1
At1g25550 myb family transcripti on facto 1
Promoter E2Fc
At1g31320 LBD domain-containing protein 4 2
At3g11100 expressed protein,Trihelix family protein, similar to 6b-interacti ng protein 1 (NtSIP1) 12
At2g43000 NAC domain containing protein 42 2
Promoter DEL1
At1g03120 LBD domain-containing protein 4 1
At5g08790 ATAF2, no apical meristem (NAM) family protein (ANAC81) 11
Promoter CCS52A2
At2g45410 LBD domain-containing protein 19 1
AT3g11100 expressed protein,Trihelix family protein, similar to 6b-interacti ng protein 1 (NtSIP1) 15
Promoter CYCA2;3
At1g31320 LBD domain-containing protein 4 1
At3g11100 expressed protein,Trihelix family protein, similar to 6b-interacti ng protein 1 (NtSIP1) 20
At2g45410 LBD domain-containing protein 19 1
Promoter KRP2
At1g31320 LBD domain-containing protein 4 1
At1g14685 Basic Penta-Cysteine 2 (BPC2), DNA binding / transcripti on factor 1
At1g68120 Basic Penta-Cysteine 3 (BPC3), DNA binding / transcripti on factor 4
At5g42520 Basic Penta-Cysteine 6 (BPC6), DNA binding / transcripti on factor 4
Promoter WEE1
At1g31320 LBD domain-containing protein 4 3
At3g55560 AT-hook protein of GA feedback 2 (AGF2) 1
At4g14465 AT-hook protein, DNA-binding protein-related 1
At4g17800 AT-hook protein, DNA-binding protein-related 1
At1g20910 ARID/BRIGHT DNA-binding domain-containing protein 1
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Identical interactors could be found for different promoters, indicating that some of these 
might represent basal transcriptional regulators or proteins that affect the expression of the 
reporter genes. To identify specific regulators, we decided to test all identified interactors 
against all the promoters that yielded a positive interaction in the cDNA library screening 
experiment. Table 3 gives an overview of the different tested combinations. 
















Table 3: Retesting the identified interactors against the different promoters used for the cDNA library 
screen. Positive for HIS3 is indicated with orange bar, blue bar represent positive for LacZ . 
Specific interactors were those that were found to be positive for both assays (HIS selection 
and X-gal reporter) and for only a limited amount of tested promoters. Among them 
we could find three AT-hook proteins (At3g55560, At4g14465, At4g17800, also named 
AHL15, AHL20 and AHL23, respectively) interacting with the WEE1 promoter. Three basic 
pentacysteine (BPC) proteins (At1g14685, At1g68120, At5g42520, also named BPC2, 
BPC3 and BPC6 respectively), bound to the KRP2 promoter. Two NAC transcription factors 
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(At2g43000 (NAC042) and At5g08790 (ATAF2)) were found with respectively the E2Fc and 
DEL1 promoter and a MYB family member (At1g25550) interacted with the E2Fa promoter. 
The cDNA library screen identified three different LBD proteins (At1g31320, At5g45410, 
At5g45420, also named LBD4, LBD19 and LBD18, respectively). One of them At1g31320/
LBD4 was found to be positive for all tested promoters, marking At1g31320/LBD4 as not 
specific. At2g45410/LBD19 was found to be specific for the E2Fa and the CYCA3;2 promoter, 
while At2g45420/LBD18 showed only a specific interaction with the E2Fa promoter. 
At1g20910 tested positive for the WEE1, DEL1 and CYCA3;2 promoter, while At3g11100 was 
observed to interact with the E2Fa, E2Fc, CCS52A2 and CYCA3;2 promoters. Interactions to 
multiple promoters might indicate that they are false positives, however caution need to be 
taken, as it can not be ruled out that they represent more general transcriptional regulators 
of the cell cycle (see discussion).
Validation of Y1H results by protoplast transfection
To validate the Y1H results, transient luciferase reporter assays in BY-2 cells were performed 
(De Sutter et al., 2005). For this experiment At1g31320/LBD4 and At2g45410/LBD19 were 
omitted as they showed the lowest specificity of the identified LBD proteins, whereas for 
At1g20910 no coding region could be isolated. We focused further on the promoters for 
which unique interactors could be found (ProE2Fa, ProE2Fc, ProDEL1, ProWEE1, ProKRP2) 
that scored positive in both the X-gal and His assays. Reporter plasmids, promoter:luciferase 
constructs were generated and the identified TFs were cloned downstream of a Cauliflower 
Mosaic Virus (CaMV) 35S promoter. Next we examined the effect of the different identified 
transcription factors on the representative promoters (Figure 3). Of the 11 tested TFs, three 
(At3g11100, At1g14465/AHL20, At1g14685/BPC2) showed an effect on the activity of their 
respective target promoter. At3g11100 had a significant positive effect on both the E2Fa 
and E2Fc promoter. Combined with its binding to different promoters in the Y1H assay, 
At3g11100 could be a more general transcriptional regulator of cell cycle, as supported by 
its gene annotation (see discussion). For the WEE1 promoter a significant negative effect 
was observed with one of the AT-HOOK proteins (At4g14465/AHL20). Similarly, a slight but 
significant reduction in promoter activity could be observed for one of the BPC proteins 
(At1g14685/BPC2) on the KRP2 promoter.
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Figure 3: a-e, Protoplast transactivation activity assay using a promoter:fLuciferase reporter con-
struct, indicated in upper right corner of the graph, a Pro35S:rLuciferase normalization construct, 
and Pro35S:interactor effector contructs, indicated on the Y-as of the graph. Luciferase activity of 
control cells was arbitrarily set to 1. Data represent mean ± s.e.m. (n = 8, *P≤0.05, ***P≤0.001 by 
two-sided t-test). 
Phenotypic analysis of loss-of-function and gain-of function lines for putative regulators
T-DNA insertion collections were searched for the presence of T-DNA insertion lines for the 
identified TFs. Six T-DNA insertion lines were found with the T-DNA inserted between the 
start and stop codon, and thus presumably representing null mutants (Table 4). Because the 
selected target promoters were chosen for their role in cell cycle and endocycle control, the 
DNA content of the different T-DNA insertion lines was analysed by flow cytometry, as defects 
in cell cycle progression often result in altered ploidy levels. The analysis was restricted 
to the first developing leaf. Leaf development is characterized by a period of extensive 
cell proliferation (day 1-8 after germination), followed by a period of endoreduplication 
(Beemster et al., 2005). Enhancement or repression of cell cycle progression often leads to 
a change in the switch from the mitotic to the endoreduplication phase, which results in an 
altered final leaf DNA ploidy level. However, for none of the analyzed T-DNA insertion lines 
a clear DNA ploidy defect could be observed (data not shown). 
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Table 4: Overview of the used T-DNA insertion lines and the position of the insert in the gene. 
We next generated overexpression lines for the different identified transcription factors. For 
these lines both expression levels of the respectively TF and their putative target genes were 
analysed and ploidy levels were determined by flow cytometry. For At1g14685/AHL20 and 
At5g42520/BPC6 no overexpression could be detected, whereas for At3g55560/AHL15 and 
At1g25550 only a 2- to 3-fold increase in transcript levels was observed. For the remaining 
transcription factors high overexpression levels could be obtained (data not shown). No 
overexpression lines could be generated for At4g17800/AHL23. Subsequently, effects of 
overexpression of the TFs on their putative target genes were analysed. Looking to the 
transcript levels of their potential target genes, no clear effect could be seen, except for 
E2Fc transcripts that were slightly downregulated in the At2g43000/NAC042 overexpression 
line and the upregulation of WEE1 in the At3g55560/AHL15 overexpression line (Figure 4a 
and b). Flow cytometric analysis of the overexpression lines did not point to an obvious 
effect on endoreduplication, except for At5g08790/ATAF2 overexpression line that showed 






































































Figure 4: a, WEE1 transcript levels in Col-0 and At3g55560/AHL15OE . b, E2Fc transcript levels in Col-0 
and At2g43000/NAC042OE. c, Ploidy distribution in Col-0 and At5g08790/ATAF2OE lines. Data in a, b 
and c represent mean ± s.d. (n=2, *P≤0.05, **P≤0.01, by two-sided t-test).
Discussion
Y1H cDNA library screen
In this analysis, we have been screening for potential novel transcriptional regulators of 
cell cycle and endoreduplication genes using the Y1H screening method. The amount of 
different interactors isolated per promoter was relatively low. For every promoter on average 
3-to-4 putative relevant hits could be found. Every screening method has its sensitivity and 
specificity, so too with the Y1H method. Previous reports calculated that the sensitivity 
of the Y1H technique is about 33%, which is comparable with a “high throughput” Y2H 
experiment an  in vitro protein-DNA detection methods (Li et al., 2004; Mukherjee et al., 
2004; Deplancke et al., 2006). 
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There are different reasons that could explain why certain interactors would be missed. 
First, many TFs are known to work as heterodimers or in multicomplex. Therefore, TFs 
that depend on a binding partner for high-affinity DNA binding or for translocation to the 
nucleus, will not be isolated through the Y1H technique. Secondly, because in our analysis 
the bait sequences were restricted to the region upstream of the start codon, we might 
miss interactions that bind other functional regions like introns or 3’ UTR, as reported for 
some genes (Lohmann et al., 2001; Kertesz et al., 2006). TFs that need posttranslational 
modification for DNA binding will also be missed. Moreover, we can see that our Y1H 
screens were not saturated. Different promoters used in this study contain E2F binding sites, 
however, we did not pick up any E2F transcription factors with our cDNA library screen. It is 
known that classical E2Fs (E2Fa, E2Fb and E2Fc) form a complex with a dimerization partner 
(DPa or DPb). However, the dimerization partners appear not to be essential for association 
of E2F transcription factors to promoter regions, as demonstrated in later work (Chapter 4). 
Next to all this, the cDNA library itself has a big influence on which interactors will be de-
tected. The cDNA library used in our experiment was derived form Arabidopsis thaliana cell 
suspension cultures. Samples were taken during different growth phases of the cell culture, 
as well after cell cycle exit to cover a broad range of proteins. However, processes like en-
doreduplication and differentiation are suppressed in cell suspensions, raising the ques-
tion if proteins specific for these processes are transcribed in cell cultures. Furthermore, 
false positives are often generated because of the presence of highly abundant proteins 
that have a high DNA binding capacity. As developmental-related proteins will be present 
in lower abundance, they will have less chance to be picked up in a screen. The use of a 
normalized cDNA library might solve some of these problems. Recently different groups 
started to develop platforms that make it possible to test every annotated TF to the bait 
of interest (Mitsuda et al., 2010; Richard Immink, personal communication). In addition 
the ability to test every TF reduces the number of colonies required for screening to about 
1/100th of that necessary for conventional cDNA library screens. Using a TF-based library 
platform probably has a lot of potential and will increase the chances for identification of 
new transcriptional regulators.
Analysis of  identified transcription factors
A putative role in cell cycle and/or endocycle regulation of the identified TFs was analyzed 
with different experiments of which an overview is given in Figure 5. First, we tried to 
validate the Y1H results by a transient activation assay in BY-2 protoplast, however only 3 
out the 11 tested interactors had an effect on promoter activity. This does not imply that 
the others are false positives, because it is possible that this technique is maybe not ideal 
in confirming the interactions. It should be noted that no transcriptional activation domain 
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was added to the coding regions of the TFs. This implies that TFs without a transcriptional 
regulation domain might not be able to work in the transient activation assay. Alternatively, 
the tested TFs may need additional interactors or post-transcriptional modifications to 
become active, which could be lacking in the BY-2 protoplast system.
Interestingly, At3g11100 was observed to activate both the E2Fc and E2Fa promoter. 
At3g11100 is the Arabidopsis homologue of the 6b interacting protein of Nicotania 
tabacum (Kitakura et al., 2002). The 6b protein is an Agrobacterium tumefaciencs protein 
that is expressed in plant tumour cells (Willmitzer et al., 1983). It is suggested that the 6b 
gene product stimulates the proliferation of plant cells, as overexpression of the 6b gene in 
Arabidopsis thaliana and Nicotania tabacum leads to ectopic cell divisions (Terakura et al., 
2006). As At3g11100 was found to interact with different cell cycle promoters (E2Fa, E2Fc, 
CCS52A2, CYCA3;2), it could be that the 6b protein functions as a kind of transcriptional 
co-regulator of At3g11100, influencing processes to create an optimal environment for 
Agrobacterium tumefaciencs tumour formation.
For the WEE1 promoter one AT-hook protein (At4g14465/AHL20) was found to have a 
negative effect on the promoter activity. Three of WEE1 promoter associating proteins 
belong to the family of AT-hook motif nuclear-localized (AHL) proteins, which control gene 
expression by forming complexes with other co-regulators or by remodelling chromatin 
structure (Aravind and Landsman, 1998; Fujimoto et al., 2004; Ng et al., 2009; Wang et 
al., 2010). In mammals, the AT-HOOK motif can be found in proteins which misregulation 
is associated with different cancers (Reeves and Nissen, 1990; Thanos and Maniatis, 1995; 
Wang et al., 2010). Interestingly, they can be found in subunits of the SWI/SNF complex, 
which is involved in the repair of double stranded DNA breaks (Park et al., 2006). As 
WEE1 in Arabidopsis controls cell cycle progression upon DNA stress, investigating the 
involvement of the three identified AT-HOOK proteins in the DNA damage response could 
be interesting. However, no link between AT-HOOK proteins and DNA repair has been made 
in plants yet. In Arabidopsis, 29 AHL proteins can be found, influencing a broad range of 
processes including hypocotyl growth, hormone signalling, flower organ differentiation, 
leaf longevity and flowering time (Lim et al., 2007; Street et al., 2008; Ng et al., 2009; Xiao 
et al., 2009). At4g14465/AHL20 and At3g55560/AHL15 were reported to be involved in 
repressing pathogen induced-immunity and negative feedback regulation in gibberellin (GA) 
signalling, respectively (Matsushita et al., 2007; Lu et al., 2010). However, as overexpression 
of AHLs results in pleiotropic phenotypes, more detailed analysis of the genes is necessary 
to determine their real physiological role.
Out of the transient activation assay data, we could see that At1g14685 is able to 
repress KRP2 promoter activity. Together with At1g14685/BPC2, two other BPC proteins, 
At1g68120/BPC3 and At5g42520/BPC6, were isolated. BPC proteins form a family of 7 
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members, all known to bind specific to GA/TC repeats, which can be found in the KRP2 
promoter sequence (Meister et al., 2004). BPC proteins were identified in Arabidopsis 
as being able to bind to the promoter of INNER NO OUTER (INNO), a gene required for 
outer integument development in Arabidopsis (Meister et al., 2004). Also SEEDSTICK (STK), 
another ovule development gene, is regulated by a BPC protein, namely BPC1 (Kooiker et 
al., 2005). Homozygous bpc1 plants show an increase in STK expression in flowers, however 
no obvious phenotype could be detected in these mutant plants. INNO and STK are defined 
as homeotic genes, necessary for the correct development of complex organisms. Also in 
other plant species, BPC-related genes were discovered to regulate important homeotic 
genes (Sangwan and O’Brian, 2002; Santi et al., 2003). The widespread expression patterns 
of BPC genes and their broad range of potential target sequences suggest that BPC proteins 
could regulate the expression of genes involved in different plant processes. A recent study 
associated plants mutated in multiple BPC genes with several pleiotropic defects such 
as dwarfism, aberrant ovules, reduction in lateral root primordia and altered epidermal 
cell size and shape. These data indicate that BPC proteins are involved in a wide range of 
processes required for normal growth and development (Monfared et al., 2011).
At5g08790/ATAF2 was isolated using the DEL1 promoter. A transcriptional regulation of the 
DEL1 promoter by At5g08790/ATAF2 could not be observed in the protoplast assay, however 
leaves of At5g08790/ATAF2 overexpression plants had a reduced DNA ploidy-level. DEL1 
overexpression and del1 mutant lines show reduced and enhanced ploidy levels respectively. 
However, the effect in At5g08790/ATAF2 overexpression lines could not be linked yet with 
a misregulation of the DEL1 transcript. At5g08790/ATAF2 belongs to the NAC (NAM/ATAF/
CUC)-domain proteins (Ooka et al., 2003), which are plant-specific transcriptional regulators 
involved in different growth and developmental processes, including cell cycle regulation 
(Olsen et al., 2005; Kim et al., 2006). In earlier studies, At5g08790/ATAF2 was connected with 
the repression of pathogenic-related genes in Arabidopsis thaliana (Delessert et al., 2005). 
At5g08790/ATAF2 is induced to a maximum 1 hour after wounding and is also induced by 
methyljasmonate and salicylic acid (Delessert et al., 2004). Delessert and colleagues (2005) 
observed a higher biomass in At5g08790/ATAF2 overexpression lines, moreover leaf cell 
size was enhanced. This is in contradiction to the decrease in ploidy levels we could observe 
in our At5g0879/ATAF2 overexpression lines, as an increase in ploidy is expected if cell size 
is increased. However, at the moment we cannot confirm the increase in cell size in our 
overexpression lines, as cell size analyses were not performed.
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Figure 5: Schematic overview of the identified protein-promoter interactions. Confirmation 
experiments are indicated with the node color. Node shape and edge line style represent the 
outcome of these experiments.
For several other interactors, the transient activation assay, flow cytometry and RT-PCR 
analysis could not confirm their involvement in promoter regulation and/or cell cycle/
endocycle regulation. Where several members of the same gene family were isolated, it 
should be tested whether all of them regulate the promoter activity or if only some of 
them exhibit a biological relevant interaction. A NAC and a MYB transcription factor were 
found with the E2Fa and E2Fc promoter respectively, which both are members of large 
transcription factor families reported to be involved in many different processes, including 
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more detailed biological context, extra information should be gathered to determine their 
possible function. Besides analyzing ploidy levels, cell size and number should be determined 
to investigate there possible role in cell cycle regulation. Furthermore expression analysis 
studies, by qpcr and promoter fusions, could give indication about their tissue and/or 





Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0) and the following T-DNA insertion 
lines were analyzed: SALK_015750 (At5g08790), SALK_141443 (At1g20910), SALK_040729 
(At3g55560), SALK_090810 (At5g42520), SALK_036473 (At2g43000), SALK_038125 
(At2g45420). SALK_015750 was described previously (Delessert et al., 2005), all other lines 
were provided by the Signal Insertion Mutant Library (http://signal.salk.edu, Alonso et al., 
2003). Primers for genotyping are listed in Table S1. Plants were grown at 22°C and a 16-h 
photoperiod (65μE m-2s-1) on agar-solidified culture medium (0.5x Murashige and Skoog 
medium, 0.5 g/L MES, 10 g/L sucrose, and 0.8% plant tissue culture agar). The plates were 
incubated at 4°C for 48 h to synchronize seed germination. 
Cloning and generation of transgenic lines
Standard molecular biology protocols and Gateway (Invitrogen) technology were followed 
to obtain expression clones. Open reading frames (ORFs) were amplified from a cDNA 
template with Pfu DNA Polymerase (Promega) and equipped with Gateway attB sites. For 
promoter isolation, genomic DNA was used as the source. All primers used for ORF and 
promoter isolation are listed in Table S2 and, pdonr221 and p4-p1r were used as ENTRY 
vectors respectively. Overexpression lines were generated by cloning the ORF in the 
destination vector pK2GW7. The structure and sequence of all used destination vectors 
were as described (Karimi et al., 2002; Karimi et al., 2007). They are accessible on line at 
http://www.psb.ugent.be/gateway/ or otherwise referenced.
Yeast one hybrid screen
Yeast strain YM4271 and destination vectors (pDEST-MW1 and pDEST-MW2) were obtained 
from Bart Deplancke (Deplancke et al., 2004). All handling and transformation of yeast was 
performed as described in the Yeast protocol handbook (Clontech). The cDNA yeast one-
hybrid library screen was performed with a custom-made Arabidopsis thaliana cDNA library 
derived from cell suspensions (Invitrogen). Transformation was performed as described 
in Yeast protocol library except that 1.5 ml of 1xTE/1xLiAc was added to the competent 
yeast cells and that 20 µg of cDNA library was added together with 200 µl of carrier DNA 
(10 µg/µl) to the yeast competent cells. 20 ml of PEG/LiAc solution was added and heat 
shock period at 42°C was extended to 20 min. All the yeast cells were plated on SD-His-Ura-
Trp medium with 15 mM 3-AT. For all promoter an average of 1x106 transformants were 
screened. Potential positives were picked after 6-8 days of incubation at 30°C, spotted both 
onto an SD-His-Ura-Trp as well as an SD-His-Ur-Trp +3AT plate for reanalysis of potential 
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positives and tested for LacZ expression by a β-Gal assay. For the positive candidates, cDNA 
library plasmid inserts were amplified by PCR using primers specific for the cDNA library 
vector, sequenced and analyzed by BLAST comparisons to identify the potential interactor. 
ORF of interactors were recloned in pDEST22 destination vector and tested for interaction 
with the different promoters according to the Yeast protocol handbook (Clontech).
Flow cytometer
4 weeks old first leaves were harvested and frozen in liquid nitrogen and then kept at -70°C. 
Plant material was chopped in 200 μl of Cystain UV Precise P Nuclei extraction buffer (Partec, 
Münster, Germany), supplemented with 800 μl of staining buffer. The mix was filtered 
through a 50-μm green filter and read through the Cyflow MB flow cytometer (Partec). The 
nuclei were analysed with the CyFlow flow cytometer and the FloMax software (Partec, 
Münster, Germany).
Transient activation assay
Transient expression assays were performed as described previously (De Sutter et al., 
2005). Briefly, protoplasts were prepared from a Bright Yellow-2 tobacco cell culture and 
co-transfected with a reporter plasmid containing the firefly Luciferase (fLUC) reporter 
gene driven by the promoter, a normalization construct expressing renilla Luciferase (rLUC) 
under control of the 35S promoter and effector constructs. Promoter entry vectors, pEN-
L4-PROMOTER-R1 vector, also used for cloning Y1H vectors, were, together with pEN-
L1-fLUC-L2 recombined by multisite Gateway LR cloning with pm42GW7(Karimi et al., 
2007). For the effector constructs, pEN-L1-ORF-R2 (ORFs representing the different tested 
interactors) were used to introduced the ORFs by Gateway LR cloning into p2GW7. For each 
experiment, 2 μg of each plasmid was used. p2GW7-GUS mock effector plasmid was used 
to equalize total effector amount in each experiment. After transfection, protoplasts were 
incubated overnight and then lysed. fLUC and rLUC activities were determined with the 
Dual-Luciferase reporter assay system (Promega). Variations in transfection efficiency and 
technical error were corrected by normalization of fLUC by rLUC activities. 
Real-time quantitative PCR analysis
RNA was extracted from 8 day old plants with the RNeasy kit (Qiagen). Poly(dT) cDNA was 
prepared from 1 μg of total RNA with Superscript III reverse transcriptase (Invitrogen) and 
analyzed on an LightCycler 480 apparatus (Roche Diagnostics) with the SYBR Green I Master 
kit (Roche Diagnostics) according to the manufacturer’s instructions. All individual reactions 
were done in triplicate. Primers used are indicated in Table S3. All values were normalized 
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Multicellular organisms depend on cell production, specification, and patterning to 
shape their adult body. In plants, the phytohormone auxin plays a prominent role in 
the timely coordination of these developmental processes (Friml et al., 2002; Tanaka et 
al., 2006; Vanneste and Friml, 2009). A well-studied example is lateral root initiation, 
in which auxin triggers founder cell specification and cell cycle activation of xylem 
pole-positioned pericycle cells (De Smet et al., 2006; Peret et al., 2009). However, the 
molecular framework that links auxin signaling with the cell cycle machinery remains 
unclear Here, we identified E2Fa, a key regulator of cell cycle, as a direct target of 
auxin signaling for auxin-mediated organogenesis and patterning. E2Fa expression is 
transcriptionally regulated by the LATERAL ORGAN BOUNDARY DOMAIN 18/LATERAL 
ORGAN BOUNDARY DOMAIN 33 (LBD18/LBD33) dimer that is under direct control of the 
auxin-signaling pathway. Correspondingly, LBD18 mediates lateral root organogenesis 
through E2Fa transcriptional activation. Additionally, leaf vascular patterning is affected 
in E2FaKO plants, similarly as in several auxin signaling and LBD mutants (Hardtke and 
Berleth, 1998; Berleth et al., 2000; Semiarti et al., 2001; Bureau et al., 2010; Scarpella et 
al., 2010). Our data illustrate how the E2Fa-dependent conserved mechanism driving cell 
cycle entry has been adapted evolutionarily to connect auxin signaling with control of 




As plants develop post-embryonically, they produce continuously new structures in a 
flexible manner, allowing modifications in plant architecture in response to environmental 
conditions and needs of the plant. To model the body plan in accordance with external 
stimuli, plant hormones, in particular auxin, play an important role (Friml, 2003; Tanaka et 
al., 2006; Vanneste and Friml, 2009). Auxin maxima can be found at sites of organ initiation, 
as well in organs upon for example gravity or light stimuli (Friml et al., 2002; Benkova et 
al., 2003; Fuchs et al., 2003; Esmon et al., 2006; Traas and Moneger, 2010). A well-studied 
example is root architecture, which is determined by the number and placement of lateral 
roots (Overvoorde et al., 2010). In dicotyledonous plants, lateral root initiation requires 
de novo organogenesis as it involves cell cycle activation of already differentiated cells. In 
Arabidopsis, lateral roots originate from a subset of cells located inside the parent root, 
namely the pericycle cells located adjacent to the protoxylem poles (Figure 1) (Beeckman 
et al., 2001). Lateral root initiation coincides with an oscillating auxin response in the basal 
meristem which might explain the regular patterning of lateral roots (De Smet et al., 2007; 
De Rybel et al., 2010; Moreno-Risueno et al., 2010). This priming renders the xylem-pole 
pericycle cells (XPP) lateral root founder cell identity. As they mature, these cells have the 
potential to undergo an asymmetric cell division, initiating the formation of a new lateral 
root. The subsequent cell divisions follow a well-organized pattern, resulting in lateral root 






Figure 1: Lateral root development. a, Lateral roots originate from a subset of cells located inside 
the parent root, namely the pericycle cells adjacent to the protoxylem poles. b, The eight stages of 
primordium development according to Malamy and Benfey, 1997. Adapted from Péret et al., 2009.
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The molecular mechanism controlling lateral root initiation is based on the auxin-
dependent degradation of IAA14/SOLITARY ROOT (SLR), which leads to the de-repression 
of the AUXIN RESPONSE FACTORS (ARF) ARF7 and ARF19 (Fukaki et al., 2002; Okushima 
et al., 2005; Wilmoth et al., 2005). Both the gain of function mutant slr-1 and the arf7 
arf19 double mutant abolish lateral root initiation. However while for slr-1 the phenotype 
is complete, this is not the case for the arf7 arf19 double mutant, probably due to existence 
of redundancy between ARF proteins. Recently different reports indicated that additional 
IAA/ARF modules are operational during the different phases of lateral root initiation. The 
transcription factor GATA23 was identified as being involved in the priming of lateral root 
founder cells, hallmarked by its correlated expression with the auxin maxima in XPP cells in 
the basal meristem before the first asymmetric division (De Rybel et al., 2010). IAA28 works 
upstream of GATA23, however it is not clear yet which ARF is targeted by IAA28 (De Rybel 
et al., 2010). Another IAA/ARF module, BODENLOS (BDL)/IAA12-MONOPTEROS (MP)/ARF5, 
was shown to work after the SLR/ARF7/ARF19 module (De Smet et al., 2010). The unique 
targets of these different IAA/ARF modules and how these are connected to each other is 
still unknown.
The discovery of the slr-1 and arf7 arf19 mutants allowed transcriptomic analysis studies in 
order to identify downstream components (Okushima et al., 2005; Vanneste et al., 2005). 
Interestingly, the expression of several cell cycle-related genes is affected in the slr-1 mutant 
(Vanneste et al., 2005). Furthermore, the generation of a lateral root-inducible system allowed 
the identification of a whole subset of genes that are associated with lateral root initiation 
of which several are cell cycle-related genes, such as B-type CDKs, CYCD3;1, HistonH4 and 
E2F transcription factors (Himanen et al., 2002; Himanen et al., 2004; Vanneste et al., 2005; 
De Smet et al., 2008). The latter are constitutes of the E2F/DP/RBR pathway, regulating cell 
cycle initiation in a very conserved matter across higher eukaryotes. Upon the activation 
of G1/S-specific CDK/cyclin complexes the transcriptional repressor RETINOBLASTOMA-
RELATED (RBR) protein gets hyperphosphorylated. This will lead to its dissociation from the 
transcription factor E2F/DP, which will activate the expression of several replication-specific 
genes (Inze and De Veylder, 2006; Berckmans and De Veylder, 2009). However, promoting 
cell division activity by CYCD3;1 or E2Fa overexpression cannot rescue the slr-1 lateral 
root phenotype. Therefore, it was postulated that, next to cell cycle activation, pericycle 
cells need to receive a founder cell identity in order to initiate lateral root development. 
Indeed expression of founder marker genes like Arabidopsis Crinkly4 (ACR4) and PLETHORA 
is not seen in slr-1 pericycle cells (De Smet et al., 2008; De Smet et al., 2009). Moreover, 
whereas ectopic expression of E2Fa/DPa or CYCD3;1 induces extra pericycle cell divisions 
but no additional lateral roots, the extra cell divisions are accompanied with an increase in 
lateral roots upon auxin application, when compared to WT plants (De Smet et al., 2009). 
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It shows that the stimulation of the cell cycle machinery alone is insufficient to drive lateral 
root formation. Upon auxin induction, and hence the stimulation of necessary founder cell 
identity genes, these extra cell divisions result into lateral root primordia.
LATERAL ORGAN BOUNDARIES-DOMAIN16/ASYMMETRIC LEAVES2-LIKE18 (LBD16/
ASL18), LBD29/ASL16 and LBD18/ASL20 were discovered as important constitutes of the 
auxin signalling pathway operating downstream of ARF7/ARF19, as illustrated by their 
ability to partial complement arf7 arf19 lateral root phenotype upon overexpression 
(Okushima et al., 2007; Lee et al., 2009). The LBD family of proteins is a large family of 
plant-specific transcription factors, holding 43 family members in Arabidopsis thaliana 
(Shuai et al., 2002). Several members of this family have been linked with different auxin-
regulated developmental processes, such as inflorescence architecture, embryogenesis, 
leaf patterning, vascular differentiation, male gametogenesis and lateral root development 
(Shuai et al., 2002; Lin et al., 2003; Chalfun-Junior et al., 2005; Borghi et al., 2007; Soyano 
et al., 2008; Lee et al., 2009; Bureau et al., 2010; Oh et al., 2010). Therefore, identifying the 
downstream target genes of LBD transcription factors will aid in our understanding on how 
auxin signalling contributes to plant growth. Here, using lateral root initiation as a model 
system, we uncovered a direct molecular link between auxin signalling and the cell cycle 
machinery. We show that LBD proteins are most probably one of the final steps in the auxin 
signalization pathway, tying in directly with the cell cycle machinery. 
Results
E2Fa is involved in lateral root intiation
As E2F transcription factors are well-known key regulators of cell cycle initiation, it was 
examined whether the expression of any of the three classical E2F transcription factors of 
Arabidopsis thaliana correlated with lateral root initiation. During the past years, several 
micro-array data-sets were produced, providing a lot of information of gene expression 
during lateral root development (Okushima et al., 2005; Vanneste et al., 2005; De Smet et 
al., 2008; Parizot et al., 2010). Synchronous lateral root initiation can be achieved through 
auxin treatment of roots pre-treated with the auxin-transport blocker 1-naphthylphtha-
lamic acid (NPA) (Himanen et al., 2002; Himanen et al., 2004; Vanneste et al., 2005; De 
Smet et al., 2008). Within this system, seeds are germinated on medium containing NPA, 
inhibiting the formation of lateral root initiation sites. When seedling are transferred after 
3-4 days to medium with high auxin concentration, lateral roots will be induced synchronic-
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ally (Himanen et al., 2002). 
Extracting gene expression data, we noticed that within 2 to 6 hours after NAA treatment, 
coinciding with the G1-to-S transition and S-phase initiation, a strong transcriptional activa-
tion of the E2Fa gene could be observed, whereas the expression levels of the related E2Fb 
and E2Fc genes remained relatively constant (Figure 2a). Auxin-dependent E2Fa expression 
was abolished in the iaa14/slr-1 mutant in which the auxin signalling leading to lateral root 
initiation is blocked (Fukaki et al., 2002) (Figure 2b). Moreover, the use of type-sorted cells 
indicated that E2Fa is transcriptionally activated in the pericycle cells (Figure 2c), which was 
confirmed by histochemical analysis of ProE2Fa:GUS reporter lines (Figure S1). Correspond-
ingly, a ProE2Fa:E2Fa-GFP line revealed accumulation of the E2Fa protein in pericycle cell 
nuclei upon auxin treatment (Figure 2d, e). Furthermore the E2Fa-GFP fusion protein was 
observed in neighbouring migrating XPP nuclei, preceding the first asymmetric division that 
hallmarks lateral root initiation (Figure 2f, g and Figure S2). A role for E2Fa as initiator of 
lateral root initiation was further confirmed by phenotypic analysis of two independent T-
DNA insertion lines (Figure S3). In both lines, absence of E2Fa transcripts correlated with a 
decrease in the number of primodia (emerged and non emerged) (figure 2h). Microscopic 
analysis further revealed a reduction in the number of early stage primordia (I, II and III) 
(Figure 2i), consistent with a putative role of E2Fa in lateral root initiation. Together, these 




Figure 2: E2Fa controls lateral root initiation. a-c, E2Fa, E2Fb, and E2Fc expression kinetics upon 
synchronous lateral root initiation in roots of Col-0 (a), slr-1 (b) and in pericycle-sorted cells (c). d-g, 
E2Fa-GFP protein accumulation upon NAA application in XPP cells counterstained with propidium 
iodide (d,e). E2Fa-GFP is visible before (f) and after the first asymmetric division (g) marking lateral 
root initiation. Hours after NAA treatment are indicated in upper left corner. h-i, Phenotypic analysis 
of e2fa T-DNA insertion lines. Quantification of emerged (E), non-emerged (NE) and total (T) lateral 
root primordium density 8 days after germination (h). Detailed staging of lateral root stage densities 
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LBD18 binds the E2Fa promoter and is induced upon lateral root initiation
To identify the putative regulators controlling E2Fa expression upon lateral root initiation, 
we screened for transcription factors associating to the E2Fa promoter using the yeast 
one-hybrid method, a technique allowing the identification of DNA-protein interactions 
(Chapter 2). A 1364 bp promoter fragment of E2Fa was used as bait and screened against 
a cDNA library to isolate possible interactors. Among the transcription factors interacting 
with the E2Fa promoter, we identified the LATERAL BOUNDARY DOMAIN 18 / ASYMMETRIC 
LEAVES2-LIKE20 (LBD18/ASL20, further designated as LBD18) protein. LBD18 appeared to 
be E2Fa promoter specific (Figure 3a). Chromatin immunoprecipitation (ChIP) was used to 
confirm LBD18 binding to the E2Fa promoter in vivo. Three different regions were assessed 
for LBD18 binding (Figure S4a, b) and enrichment was observed by ChIP in a region 700 bp 
upstream of the ATG start codon in the E2Fa promoter (Figure 3b), matching with the pres-
ence of putative LBD binding sites (Figure S4b) (Husbands et al., 2007). 
Previously, LBD18 had been characterized as an auxin-dependent regulator of lateral root 
development, although, based upon the phenotype of knock out lines, it was associated 
with lateral root outgrowth rather than with initiation (Lee et al., 2009). Using ProLBD18:GUS 
and ProLBD18:NLS-GFP reporter lines, we found that LBD18 expression clearly correlated 
with asymmetric pericycle cell divisions (Figure 3c-e). Moreover, using the above men-
tioned lateral root induction system, we observed induction of LBD18 expression already 
after 2 hours of NAA treatment (Figure 3f). This is in agreement with the expression data 
that could be extracted from the existing datasets, which additionally revealed that the 
auxin–induced expression is dependent on IAA14/SLR and occurring in auxin-treated peri-
cycle cells (Figure S5a-c) (Vanneste et al., 2005; De Smet et al., 2008; Parizot et al., 2010). 
Additionally, transcript profiling of an arf7 arf19 double mutant line identified LBD18 as a 
downstream target of ARF7 and ARF19, indicated by the lack of auxin inducibility of LBD18 
in the arf7 arf19 double mutant (Figure S5d) (Okushima et al., 2005; Parizot et al., 2010). 
Taking all these data together, we postulate that LBD18 plays a role in activating the cell 
cycle during de novo root formation by acting on E2Fa transcription. 
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Figure 3: LBD18 binds the E2Fa promoter and is induced upon lateral root initiation. a-b, LBD18 
interacts with the E2Fa promoter in yeast (a) and in planta (b) as shown by Y1H and chromatin IP, 
respectively. No association was observed with promoters of closely related genes E2Fb, E2Fc, and 
DEL1. Interaction is truly positive when both His3 and LacZ expression are induced. c, Confocal 
microscope images of ProLBD18:NLS-GFP counterstained with propidium iodide during lateral root 
initiation. Time of NAA treatment is indicated in upper left corner. d, ProLBD18:GUS expression 
during different lateral root development stages. e, Cross section showing GUS staining in XPP cell 
(arrowhead). f, LBD18 transcript accumulation upon synchronized lateral root initiation.
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LBD18 cooperates with other LBD proteins during lateral root development
The transcriptional activity of LBD18 on the E2Fa promoter was investigated by a transient 
activation assay in protoplasts. Transient LBD18 overexpression in protoplasts was not suf-
ficient to induce E2Fa promoter activity (Figure 4a). By contrast, when LBD18 was fused to 
the VP16 transcriptional activation or SRDX dominant repressor domain, E2Fa promoter ac-
tivity was induced or repressed, respectively (Figure 4a). These data suggest that LBD18 on 
its own operates as a poor transcriptional regulator, probably requiring a cofactor to acti-
vate transcription. To identify such a factor, we used a tandem affinity purification platform 
in cell cultures (Van Leene et al., 2007; Van Leene et al., 2010). Arabidopsis cell suspension 
cultures were stably transformed by Agrobacterium tumefaciens-mediated cocultivation 
with a Pro35S:LBD18-TAP cassette. On the basis of the presence of the double tag, a two-
step affinity purification was performed. In total 5 interacting proteins were identified, in-
cluding another LBD protein, LBD33 (Table S1). Using fluorescence resonance energy trans-
fer (FRET) measurement of LBD18 and LBD33 versions tagged with fluorescent proteins, we 
could confirm the specific interaction between LBD18 and LBD33 in planta (Figure S6a, b). 
Similarly to LBD18 and E2Fa, LBD33 expression is strongly upregulated in the lateral root 
induction system (Figure 4b). Furthermore, as seen for LBD18, this induction of LBD33 is 
specific to the pericycle cells and dependent on the IAA14/SLR and ARF7/19 pathway (Fig-
ure S7). Additionally, lbd33 mutant plants displayed a strong reduction in lateral roots (Fig-
ure 4c, Figure S8). These data suggest that LBD18 and LBD33 might cooperate to drive E2Fa 
expression during lateral root initiation. Indeed, in contrast to LBD18 and LBD33 solely, 
co-expression of both LBD proteins in protoplasts resulted in a significant activation of E2Fa 
promoter activity, indicating that LBD18/LBD33 dimerization is necessary to drive E2Fa ex-
pression (Figure 4d).
Interestingly, exploring different lateral root microarray datasets, it was found that differ-
ent LBD genes show a lateral root initiation associated expression profile. These comprise 
LBD16, LBD17, LBD18, LBD29 and LBD33, for which expression appears to be auxin-induc-
ible in pericycle cells and dependent on the IAA14/SLR-ARF7/ARF19 pathway (Figure S5, 
Figure S7, Figure S9a-d) (Okushima et al., 2007). Interactions could be shown with FRET 
measurements between different of these LBDs (Table S2), indicating that many different 
complexes can be formed between these members.
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Figure 4: LBD18 cooperates with the LBD33 protein during lateral root development. a, Protoplast 
transactivation activity assay using a ProE2Fa:fLuciferase reporter construct, a Pro35S:rLuciferase 
normalization construct and a LBD18 effector construct that is either untagged (Pro35S:LBD18) 
or fused with VP16 (Pro35S:LBD18-VP16) or SRDX (Pro35S:LBD18-SRDX). Luciferase activity of 
control cells was arbitrarily set to 1. Data are mean ± s.e.m. (n = 8, *P ≤ 0.05,*** P≤0.001, by 
two-sided t-test). b, LBD33 expression upon synchronized lateral root initiation. c, Lateral root 
density of control (Col-0) and lbd33 knockout plants 8 days after germination. Data are mean ± 
s.e.m.(n≥12, ***, P≤0.001, by two-sided t-test). d, Protoplast transactivation activity assay using 
a ProE2Fa:fLuciferase reporter construct, a Pro35S:rLuciferase normalization construct and LBD18 
and/or LBD33 effector constructs. Luciferase activity of control cells was arbitrarily set to 1. Data 

























































































LBD18 activates E2Fa upon lateral root initiation
LBD18OE induces in combination with auxin cell division capacity in pericycle cells
To investigate the link between LBD18 and cell cycle activation during lateral root initiation, 
GFP-tagged LBD18 overexpression lines (Pro35S:LBD18-GFP) were generated. This fusion 
protein is functional as it was able to complement the lbd18-2 lateral root phenotype (Figure 
S10). Transcript analysis on root segments of Pro35S:LBD18-GFP plants showed a modest 
increase in E2Fa expression (Figure 5a). Introducing a ProE2Fa:GUS reporter line into the 
Pro35S:LBD18-GFP background revealed that the increase in E2Fa expression was confined 
to pericycle cells and was not visible in any other tissue type (Figure 5b-e). This indicates 
that E2Fa regulation by LBD18 is highly specific to the pericycle cells. However, whereas the 
lbd18 knockout reduces lateral root density, the overexpression of LBD18 did not yield the 
expected increase in lateral roots under standard growth conditions. Rather a decrease in 
primordia was observed (Figure 5f), which probably can be explained by the dramatic effect 
of LBD18 overexpression on vascular differentiation (Lee et al., 2009). Previously, it has 
been postulated that cell division on its own is insufficient to induce lateral roots because 
of the lack of a lateral root specification factor (Vanneste et al., 2005; De Smet et al., 2010) 
Therefore, wild type and Pro35S:LBD18-GFP seeds were germinated on MS medium and 
subsequently transferred to medium supplied with 0.5 μM NAA for 4 days. Quantification 
of lateral root primordia revealed that addition of NAA resulted in an increase of number 
of primordia in the LBD18-GFP overexpressing lines, compared to wild type (Figure 5f). 
Closer examination of the root tissues revealed hyperplasia of the transgenic pericycle cells 
(Figure 5g, h), which correlated with a strong transcriptional activation of the E2Fa promoter 
(Figure 5i, j). Additionally, expression of E2Fa under the control of the LBD18 promoter 
rescued the lateral root phenotype of LBD18 mutant plants (Figure 5k), demonstrating that 




Figure 5: LBD18 overexpression induces E2Fa expression in pericycle cells and induces hyperplasia 
upon auxin treatment. a, E2Fa expression levels in roots of control (Col-0) and Pro35S:LBD18-
GFP lines. Data represent mean ± s.d. (n=3). b-e, ProE2Fa:GUS expression in Col-0 (b, c) versus 
Pro35S:LBD18-GFP (d, e) plants. Red and white arrows mark enhanced GUS expression in pericycle 
cells and pericycle cells flanking lateral root primordia, respectively. f, Lateral root primordial 
density in 8-day-old seedlings, transferred 4 days after germination to medium supplemented with 
DMSO or 0.5 µM NAA for an additional 4 days. g, h, Root phenotypes of control (Col-0) (g) and 
Pro35S:LBD18-GFP (h) after transfer for 4 days to medium supplemented with 1 µM NAA. i-j, E2Fa 
expression in Col-0 (i) and Pro35S:LBD18-GFP (j) grown under conditions described in g, h. k, Lateral 
root density in Col-0, lbd18-1, lbd18-2 and both lines complemented with ProLBD18:E2Fa. Data in f 











































































LBD18 activates E2Fa upon lateral root initiation
E2FaKO plants show a reduced vascular complexity
Our data raise the hypothesis that E2Fa could be an important target used by auxin to 
connect developmental patterning processes with cell cycle activation. As E2Fa is also 
expressed in the veins (Figure 6d), and as vein pattern formation is known to require both 
organized auxin signalling and cell divisions, we analyzed the vascularity in E2FaKO plants 
(Kang et al., 2007; Rolland-Lagan, 2008). Cotyledon vein structure is a simple and ideal 
model to test vascular complexity. Under normal conditions, the cotyledon veins consists 
out of a primary middle vein and four additional secondary veins that form four closed 
loops. Interestingly, E2Fa mutants showed a reduced vascular complexity in the cotyledons 
(Figure 6a-c and Table S3). These data suggest that E2Fa is an important target for auxin to 
integrate cell cycle progression in auxin mediated processes. If also other LBD proteins are 
responsible for the induction of E2Fa during auxin-mediated vein patterning still need to be 
determined. 
Col-0  e2fa-1  e2fa-1  
a b c 
ProE2Fa:GUS
d
Figure 6: Cotyledon venation pattern in 10-day-old seedlings and E2Fa expression in the vascular 
tissue. Wild type venations typically include three or four closed areoles (a). The E2Fa mutation 
regularly caused less number of areoles (b) and disconnected veins (c). Scale bars: 1mm. d, 




E2Fa is involved in lateral root initiation
Different transcript profile studies show that the process of lateral root initiation coincides 
with the upregulation of different cell cycle genes. However, despite that several studies 
contributed to the knowledge of auxin-dependent lateral root initiation, no knowledge 
exists on how these signaling cascades impinge on the core cell cycle machinery. Here 
we demonstrate that E2Fa could be responsible in triggering the first asymmetric division 
linked with lateral root ontogenesis. Not only did we observe that E2Fa transcripts and 
proteins accumulate before the asymmetric division, we found as well that depletion of 
E2Fa causes a significant reduction in the amount of lateral root primordia. E2F transcription 
factors are known as important cell cycle boosters. Overexpression of E2Fa together with 
its dimerization partner DPa induces ectopic division at the whole plant level, severely 
affecting plant development (De Veylder et al., 2002). Arabidopsis contains next to E2Fa a 
second cell cycle activating E2F, namely E2Fb, whose overexpression can also induce extra 
cell divisions (Sozzani et al., 2006). However, no significant increase in E2Fb transcript levels 
could be seen upon auxin application, moreover also its protein level remained at a basal 
level (Figure S11). Nevertheless, the presence of two activating E2Fs might explain why 
E2Fa depletion does not result in a complete inhibition of lateral root initiation. Auxin could 
result in hyperphosphorylation of RBR, due to increased CDK/CYCLIN complexes, resulting 
into an increase in free E2Fb protein leading to cell cycle gene activation. Furthermore, an 
involvement of a CYCD2;1/KRP2/CDKA pathway in lateral root induction was demonstrated 
recently (Sanz et al., 2011). Results indicated that nuclear localization of CYCD2;1/CDKA 
complexes is mediated by KRP2, although this interaction with KRP2 results into an 
inactive kinase complex. However, KRP2 is found to be rapidly downregulated at both the 
transcriptional and posttranscriptional level upon auxin treatment (Himanen et al. 2002; 
Sanz et al., 2011). Therefore, it was hypothesized that auxin stimulates the activity of the 
nuclear reservoir of CDKA/CYCD2;1 complexes through the degradation of KRP2, thereby 
activating cell division. This shows that during lateral root initiation probably different 
integrated pathways result into cell cycle activation, rendering a certain redundancy in cell 
cycle regulation during lateral root initiation. 
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LBD18 links auxin signaling with cell cycle activation during lateral root initiation
The observed association of LBD18 to the E2Fa promoter, the co-regulation of both genes 
during the lateral root initiation event and the changes in E2Fa expression in Pro35S:LBD18-
GFP plants, hints that LBD18 forms the missing link between the ARF7/ARF19 signaling 
cascade and cell cycle activation. Previously, it was reported that overexpression of E2Fa/DPa 
enhances the capacity of pericycle cells to induce lateral roots. Under standard conditions 
the amount of lateral roots was lower in E2Fa/DPa overexpression lines compared to WT, 
but significantly increased in the presence of auxin (De Smet et al., 2010). Interestingly, we 
could see a similar effect in our Pro35S:LBD18-GFP lines, which could be due to an elevation 
in E2Fa transcript levels in the pericycle cells of these lines. However, whereas E2Fa/DPa 
overexpression resulted in stretches of small pericycle cells caused by ectopic cell division, 
we could not observe this in the Pro35S:LBD18-GFP lines. As increased ProE2Fa:GUS 
activity within Pro35S:LBD18-GFP plants was not uniform across the whole pericycle, this 
could indicate that LBD18 is probably only able to activate E2Fa expression in pericycle 
cells that already contain the pericycle founder cell identity. Next to this, additional factors 
next to LBD18 are required to induce E2Fa promoter activity, which are present in these 
pericycle cells. This correlates with the observation that LBD18 alone operates as a poor 
transcriptional activator of E2Fa transcription in protoplast cells. This idea is furthermore 
supported by the fact that prolonged NAA treatment of Pro35S:LBD18-GFP plants resulted 
in hyperplasia of the whole pericycle, indicating that the limited factor is controlled by an 
auxin-dependent pathway.
LBD18 and LBD33 co-regulate lateral root initiation in addition with other LBD proteins 
A TAP purification experiment identified LBD33 as a LBD18 interacting protein. The specific 
induction of LBD33 transcript levels upon lateral root initiation and the decrease in lateral 
root density in lbd33 plants, makes it a good candidate to cooperate with LBD18 in the 
process of E2Fa induction. Previously, it was shown that LBD18 and LBD16 probably work 
together in lateral root development (Lee et al., 2009). Using the visuaLRTC dataset (Parizot 
et al., 2010), we could identify five LBDs (LBD16, LBD17, LBD18, LBD29 and LBD33) that 
are induced upon lateral root initiation in a SLR/ARF7/ARF19 dependent manner, of which 
LBD16, LBD18 and LBD29 were described previously (Okushima et al., 2007; Lee et al., 2009). 
By FRET analysis we could see that different LBD complexes exist among those, indicating 
that different LBD combinations might operate at different stages of lateral initiation and the 
further development of the root primordia. At the moment we cannot discriminate between 
the possibility whether these distinct complexes have different target gene specificity or 
that the different complexes posses a certain degree of functional redundancy. Moreover, 
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as previous studies showed that LBDs can interact with bHLH proteins and that these 
interactions have an important influence on the final transcriptional effect of the target 
genes of the complex (Husbands et al., 2007), the involvement of other factors cannot be 
excluded. These factors might be developmentally regulated and hence could be missed in 
the TAP purification, which was performed on cell cultures, thus none-differentiated cells.
LBD proteins and cell cycle regulation
The LBD transcription factor family constitutes 43 members in Arabidopsis (Shuai et al., 
2002; Matsumura et al., 2009; Majer and Hochholdinger, 2010). During the recent years 
several studies described the effect of LBD misregulation. From this work it appears that 
LBDs are involved in a remarkably high diverse number of developmental processes. Often 
the observed phenotypes are caused by defects in auxin response and/or cell proliferation. 
Expression of different members can often be seen on the boundaries of lateral organs, 
which can indicate that LBD proteins are responsible for integrating cell proliferation with 
developmental and patterning processes. The best and first characterized lbd mutant 
asymmetric leaves2 (as2)/LBD6 shows abnormalities in leaf shape due to impaired 
abaxial/adaxial identity (Semiarti et al., 2001). The first visible effect of the phenotype 
is an asymmetric placement of the auxin response, followed by asymmetry in the cell 
division pattern and an increase in cell number in the adaxial domain (Zgurski et al., 2005; 
Iwakawa et al., 2007). Moreover, overexpression of AS2 in tobacco cell cultures interrupted 
cell division (Iwakawa et al., 2007). In maize, mutation in the LBD gene indeterminate 
gametophyte1 (ig1) restricts the proliferative phase in embryo sac development during 
female gametogenesis. Additionally, mutants exhibit abnormal leaf morphology due to 
a persistent cell proliferation and the maintenance of stem cell identity in the leaf cells. 
(Evans, 2007). Recently SIDECAR, LBD27/ASL29, was described to be necessary for the 
correct timing and orientation of asymmetric microspore division during male gametophyte 
development (Oh et al., 2010). Interestingly, indications exist that LBD proteins in rice 
could also be responsible for the initiation of cell cycle during lateral root development. 
The crown rootless 1/adventitious rootless1 (crl1/arl1) mutant is defective in crow root, 
adventitious root and lateral root formation. The defect was preferential localized in these 
tissues where lateral roots are initiated and moreover, CRL1/ARL1 was expressed in the 
initial stage of primordia formation before the first anticlinal division (Inukai et al., 2005). 
Furthermore CRL1/ARL1 is a downstream auxin target by direct regulation through ARF 
proteins (Inukai et al., 2005; Liu et al., 2005). Additionally, CRL1/ARL1 overexpression could 
not induce primordia formation possible because of the lack of necessary cofactors. 
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The closest homologue of LBD18, LBD30 was described and designated as JLO (Jagged lateral 
organs) (Borghi et al., 2007). JLO overexpression results in multiple phenotypes, including 
an early meristem arrest and lobbed leaves. Interestingly, 24 h induction of JLO identified 
CYCD3;1 and CYCD3;2 as downstream induced genes, besides other LBD genes (LBD41 
and LBD42), KNAT1, STM and several PINs. Trichome ploidy measurements showed ploidy 
levels up to 128C in JLO overexpression plants, while for leaves there was a reduced ploidy, 
strengthening the link between JLO misexpression and cell cycle regulation. Moreover, jlo 
mutants show a certain degree of embryonic lethality, what could be linked to aberration of 
early divisions during embryo development (Bureau et al., 2010). Interestingly, jlo mutants 
also exhibit a reduced vascular complexity in the cotyledons. It would be worthwhile to test 
if this can be connected to the same phenotype observed in e2fa mutant plants. JLO could 
possibly work together with LBD18, as it was previously described to be involved in vascular 
differentiation as well (Lee et al., 2009).
All these phenotypic data hint that probably not only LBD18/33, but also other LBD 
combinations might steer cell division activity through transcriptional induction of E2F 
genes and/or other cell cycle genes, depending on the developmental context. As plants 
develop mostly post-embryonic, they need to be able to adapt their growth to external 
changing conditions. The ability to create new structures, such as lateral roots, through 
dedifferentiation of already differentiated plant cells gives a high level of plasticity. 
However, this plasticity requires a connection between intrinsic development and external 
signals. Here, we have shown that the plant-specific LBD proteins connect auxin signaling 
with cell cycle initiation by regulating E2Fa transcription. In contrast to the E2F/DP/RBR 
pathway that represents a highly conserved mechanism to drive cell cycle activation across 
all higher eukaryotes, auxin signaling appears to be specific to the plant lineage (De Smet 
et al., 2010). Therefore, our work indicates that during evolution LBDs might have arisen in 





Plant material and growth conditions 
Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0) and the following T-DNA 
insertion lines were analyzed: SALK_038125 (lbd18-1), SAIL_269_H02 (lbd18-2), SAIL_95_
H10 (lbd33), GABI_348E09 (e2fa-2) and MPIZ-244 (e2fa-1) obtained from the collection of 
the Max-Planck-Institut für Züchtungsforschung of Cologne (Rios et al., 2002). All primers 
used for genotyping are listed in Table S4. For lateral root related experiments, plants were 
grown on vertical square plates (GreinerLabortechnik) with solid half-strength Murashige 
and Skoog medium with 0.5 g/L MES, 10 g/L sucrose and 1% plant tissue culture agar. The 
plates were incubated at 4°C for 48 h to synchronize seed germination. Seedlings were 
incubated under continuous light (110 μE.m-2.s-1 photosynthetically active radiation, 
supplied by cool-white fluorescent tungsten tubes; Osram) at 22 °C. For NPA/NAA mediated 
lateral root induction system, 5 days old seedlings were transferred for 2, 4 or 6 hrs from MS 
with 10 μM NPA to MS with 10 μM NAA (synthetic auxin analog) as described (Himanen 
et al., 2002). For auxin treatment of Pro35S:LBD18-GFP lines, seeds were germinated on MS 
for 4 days and then transferred to MS medium supplemented with DMSO or 0,5uM NAA for 
4 days. For all other experiments seedlings were grown in horizontal plates and incubated 
under 16h/8h day/night conditions at 22°C.
Cloning and-generation of transgenic lines
Standard molecular biology protocols and Gateway (Invitrogen) technology were followed 
to obtain expression clones. Open reading frames (ORFs) were amplified from a cDNA 
template with Pfu DNA Polymerase (Promega) and fused to Gateway attB sites by PCR. 
For promoter isolation, genomic DNA was used as source. All primers used for ORF and 
promoter isolation are listed in Table S5 and pdonr221 and p4-p1r were used as ENTRY 
vectors respectively. The structure and sequence of all used destination vectors were as 
described (Karimi et al., 2002; Karimi et al., 2007) and are available on line at http://www.
psb.ugent.be/gateway/ or otherwise referenced.
For promoter analysis of LBD18, a 2-kb fragment upstream op the start codon was cloned 
in the vector pMK7S*NFm14GW, generating the ProLBD18:NLS-GFP-GUS construct, 
resulting in the transcriptional fusion between the LBD18 promoter and the EGFP-GUS 
fusion. Pro35S:LBD18-GFP was obtained by cloning the ORF of LBD18 in the destination 
vector pH7FWG2 creating a fusion between LBD18 and EGFP. ProE2Fa:GUS was generated 
through cloning the E2Fa promoter in pKGWFS7. The ProE2Fa:gE2Fa-GFP translational 
fusion has been described previously (Henriques et al., 2010). Genetic complementation 
was assessed by transforming the Pro35S:LBD18-GFP construct in the lbd18-2 background 
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or by transforming a ProLBD18:E2Fa construct (in the pH7m24GW,3 vector) in the lbd18-1 
and lbd18-2 backgrounds. All transgenic plants were generated using the floral dip method 
(Clough and Bent, 1998). Both lbd18-1 and lbd18-2 had a reduced LBD18 expression and 
showed the lateral root phenotype as described previously (Lee et al., 2009) (Figure S12a-c).
Microarray data extraction 
For the extraction of the values out of the previously published arrays (Okushima et al., 
2005; Vanneste et al., 2005; De Smet et al., 2008), the respective datasets were retrieved 
from the Gene Expression Omnibus (GEO GDS1515, GSE6349 and GEO GSE630). The arrays 
were normalized using the robust multiarray average algorithm (Irizarry et al., 2003) and the 
absolute values, fold changes and p-values were determined with the affylmGUI R package 
(Smyth, 2004) without adjustment methods. Affymetrix probesets to the Arabidopsis 
Genome Initiative identification with the affy_ATH1_array_elements-2010-12-20.txt file 
downloaded from The Arabidopsis Information Resource (www.arabidopsis.org). All data 
were validated for their significance (P-value <0.05).
In Vivo Root Confocal Imaging
For in vivo time laps confocal imaging, seedlings were placed into a Lab-Tek™ Chambered 
Borosilicate Coverglass System (Nalge Nunc International) with a block of agar over the 
roots, in order to keep the plants alive through visualization. All supplements were added 
during the preparation of the agar blocks. Time-lapse series were typically collected at 4 min 
intervals and for 7 to 15 hrs. For propidium iodide (PI) staining, seedlings were preincubated 
for 2 min in 10 μg/mL PI, diluted in half-strength MS medium. Temperature and light were 
kept as constant as possible during all observations. Fluorescence imaging of roots was 
done with an Axiovert 100M confocal laser scanning microscope and a software package 
LSM 510 version 3.2 (Zeiss). For excitation of GFP, the 488 nm line of an argon laser was used, 
PI was exited with the HeNe laser at 543 nm. GFP and PI were detected simultaneously by 
combining the settings indicated above in the sequential scanning facility of the microscope. 
Acquired images were quantitatively analyzed with ImageJ v1.34s software.
Real-Time PCR
RNA was extracted with the RNeasy kit (Qiagen). Poly(dT) cDNA was prepared from 1 
μg of total RNA with Superscript III reverse transcriptase (Invitrogen) and analyzed on 
an LightCycler 480 apparatus (Roche Diagnostics) with SYBR Green I Master kit (Roche 
Diagnostics) according to the manufacturer’s instructions. All individual reactions were 
done in triplicate. Primers used are listed in Table S6. For the expression analysis of 
transgenic lines all values were normalized to the ACTIN2 (AT3G46520) housekeeping gene. 
For the lateral root induction system values were normalized against ACTIN2 (AT3G46520), 
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EF-1-α (AT5G60390) and CDKA;1 (AT3G48750). The delta Ct method was used for relative 
quantification of transcripts.
Histochemical and Histological Analysis.
GUS staining were performed as described before (Lammens et al., 2008). For microscopic 
analysis, samples were cleared by mounting in 90% lactic acid (Acros Organics) or by clearing 
described previously (Malamy and Benfey, 1997). All samples were analyzed by differential 
interference contrast microscopy (Olympus BX51). Sections were prepared as described 
previously (De Smet et al., 2004).
Y1H
Yeast strain YM4271 and destination vectors (pDEST-MW1 and pDEST-MW2) were obtained 
from Bart Deplancke (Deplancke et al., 2004). For the Y1H cDNA library screen, a promoter 
fragment of E2Fa, E2Fb and E2Fc of 1364 bp, 760 bp and 1997 bp, respectively were used. 
Yeast reporter strains were designed as described previously (Deplancke et al., 2004). Yeast 
was handled and transformed according to the Yeast protocol handbook (Clontech). The 
cDNA yeast one-hybrid library screen was performed with a custom-made Arabidopsis 
cDNA library (Invitrogen). Transformation was according to the Yeast protocol handbook 
(Clontech), except that 1.5 ml of 1x TE/1x LiAc was added to the competent yeast cells and 
that 20 µg of cDNA library was added together with 200ul of carrier DNA (10 µg/µl) to the 
yeast competent cells. Of a polyethylene glycol (PEG)/LiAc solution, 20ml was added and 
the heat shock period at 42°C was extended to 20 min. All the yeast cells were plated on 
SD-His-Ura-Trp medium with 15mM 3-AT. In total 2.35x105 transformants were screened. 
Potential positives were selected after 6 to 8 days of incubation at 30°C, spotted onto an 
SD-His-Ura-Trp as well as an SD-His-Ur-Trp +3AT plate for reanalysis of the positives and 
tested for LacZ expression by a β-Gal assay. For the positive candidates, the cDNA library 
plasmid inserts were amplified by PCR using primers specific for the cDNA library vector, 
sequenced and analyzed by BLAST comparisons to identify the potential interactor (Altschul 
et al., 1997).
Chromatin immunoprecipitation 
ChIP experiment was performed as described (Bowler et al., 2004), with minor modifications. 
One gram of 8 day old plants was harvested and immersed in 1% formaldehyde under 
vacuum for 10 min. Glycine was added to a final concentration of 0.125 M, and incubation 
was continued for 5 min. After washing, the nuclei where isolated and cross linked 
DNA/protein complexes were fragmented by sonication with a BioruptorTM Next Gen. 
(Diagenode), resulting in fragments of approximately 500 bp. After centrifugation (16,000 
g), the supernatans was precleared with 40 µl of salmon sperm DNA/protein A agarose 
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(Millipore). 10 µl of the supernatans was used as input, while the rest was divided into two 
samples of which one sample was treated with 10 µl anti-GFP antibody (Rockland) and the 
other with no antibody. The samples were incubated overnight. Immunoprecipitates were 
collected with 40 µl of salmon sperm DNA/protein A agarose (Millipore) and subsequently 
eluted from the beads. All centrifugation steps with bead-containing samples were done at 
1000 g. Proteins were de-cross-linked and DNA was purified by phenol/chloroform/isoamyl 
alcohol extraction and ethanol precipitation. Pellets were resuspended in 40 µl of Tris-EDTA 
buffer (0.05 M Tris-HCl and 0.02 M EDTA [pH 8]). The concentration of DNA purified by ChIP 
was measured with the Quant-iT ds-DNA Assay Kit HS (Invitrogen) and each sample was 
diluted for the quantitative PCR at the same starting concentration. SYBR Green I Master 
kit (Roche Diagnostics) was used for all the qPCR. ACTIN2 and promoter regions of DEL1 
and E2Fc were used as negative controls. The approach used to analyze the qpcr data was 
%INPUT (100*2(Ct(Input) - Ct (IP))). For primers see Table S6.
FRET
The LBD-fluorophore fusions, created with LBD16 (AT2G42430), LBD17 (AT2G42440), 
LBD18 (AT2G45420) or LBD33 (AT5G06080), the transient transformation of Nicotiana 
benthamiana plants, the confocal microscopy and FRET measurements were carried out as 
described previously (Bleckmann et al., 2010). Transgene expression was induced 24 h after 
infiltration and analyzed within 16 to 18 h. A region surrounding the nucleus was bleached 
after five detection frames with 100% laser intensity of the 561-nm diode and 120 iterations. 
Fifteen frames were recorded after photobleaching. The GFP fluorescence intensity change 
was analyzed in a region of interest within the nucleus. Only measurements with less 
than 10% GFP intensity fluctuations before acceptor bleaching were further analyzed. The 
percentage change of the GFP intensity directly before and after bleaching was analyzed 
as EFRET = (GFPafter - GFPbefore)/GFPafter × 100. A minimum of 15 measurements were 
performed for each experiment. Significance was analyzed using Student’s t test.
Tandem Affinity Purification
Arabidopsis cell suspension cultures (PSB-D) were transformed as described previously 
with LBD18 fused to the Protein G/streptavidin-binding peptide (GS)-TAP tag (Van Leene et 
al., 2007). TAP of protein complexes was done with the GS tag (Burckstummer et al., 2006) 
followed by protein precipitation and separation as described (Van Leene et al., 2008). 
Proteolysis and peptide isolation, acquisition of mass spectra by a 4800 Proteomics Analyzer 
(Applied Biosystems) and mass spectrometry-based protein homology identification 
based on the TAIR 8 genomic database were done as described (Van Leene et al., 2010). 
Experimental background proteins were subtracted based on 40 tandem affinity purification 
(TAP) experiments on wild-type cultures and cultures expressing TAP-tagged mock proteins 
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GUS, red fluorescent protein (RFP), and GFP (Van Leene et al., 2010).
Transient expression assays
Assays for transient expression were done as described previously (De Sutter et al., 2005). 
Briefly, protoplasts were prepared from a Bright Yellow-2 tobacco cell culture and co-
transfected with a reporter plasmid containing the Firefly luciferase (fLUC) reporter gene 
driven by the E2Fa promoter, a normalization construct expressing Renilla luciferase (rLUC) 
under control of the 35S promoter and effector constructs. For the ProE2Fa:LUC reporter 
construct, the pEN-L4-ProE2Fa-R1 vector, also used for cloning Y1H vectors was, together 
with pEN-L1-fLUC-L2 recombined by multisite Gateway LR cloning with pm42GW7 (Karimi 
et al., 2007). For the effector constructs, pEN-L1-ORF-R2 (ORFs representing LBD18, LBD18-
SRDX, LBD18-VP16, LBD33) were used to introduce the ORFs by Gateway LR cloning into 
p2GW7. LBD18-SRDX was generated by pcr adding the SRDX coding sequence to the cDNA_
LBD18_RV primer. For LBD18-VP16, coding regions of both LBD18 and VP16 were amplified 
and fused by ligation mediated pcr using the chimeric_LBD18_VP16 primer. 2 μg of each 
plasmid and the p2GW7-GUS mock effector plasmid, to equalize total effector amount, was 
used in each experiment. After transfection, protoplasts were incubated overnight and then 
lysed. fLUC and rLUC activities were determined with the Dual-Luciferase reporter assay 
system (Promega). Variations in transfection efficiency and technical error were corrected 
by normalization of fLUC by rLUC activities. 
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Figure S1: ProE2Fa:GUS expression during different lateral root primordia initiation stages.
Figure S2: Confocal live imaging of E2Fa-GFP accumulation during the initial divisions linked to 
lateral root initiation by means of a ProE2Fa:E2Fa-GFP reporter line. E2Fa accumulates into the 
nucleus upon auxin treatment, marking migrating nuclei in the xylem-pole pericycle cells. White 
and red arrowheads point to nuclei before and after the first asymmetric division, respectively. Time 
of live imaging is indicated in upper right corner of each frame.
before asym. division stage I stage III
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Figure S3: Absence of E2Fa correlates with a reduction in lateral roots. a, Graphical representation 
of the T-DNA insertions in the E2Fa gene. b, Relative expression levels of E2Fa in the two insertion 
lines, as determined by RT-PCR. Data represent mean ± s.d. (n = 3). c, Reduced lateral root number 
in e2fa-1 compared to Col-0.
Figure S4: Chip sonication efficiency and primer localization. a, Sonication efficiency for Col-0 and 















































Figure S5: LBD18 auxin induction in roots is dependent on the SLR/ARF7/ARF19 pathway. a-c,LBD18 
transcript accumulation upon synchronized lateral root initiation in roots of Col-0 (a), slr-1 (b) and 












































































LBD18 activates E2Fa upon lateral root initiation
Figure S6: Confirmation LBD18–LBD33 interaction by FRET measurements. a-f, Confocal images 
of transgenic nuclei of N.benthamiana, before (a-c) and after photobleaching of the acceptor (d-f). 
Fluorescence of the fusion proteins LBD33-GFP (donor) and LBD18-mCherry (acceptor) is shown in 
two channels for GFP detection (497 to 550 nm) (a, d), for mCherry detection (572 to 636 nm) (b, 
e) and merged (c, f). g, FRET efficiency (EFRET) values in %. Donor and acceptor are fusion proteins 
composed of a LBD protein and the fluorophore GFP and the fluorophore mCherry, respectively. 
Negative controls are fusions of a LBD protein and GFP alone; corresponding values are considered 
























Figure S7: LBD33 auxin induction in roots is dependent on the SLR/ARF7/ARF19 pathway. a-c, 
LBD33 transcript accumulation upon synchronized lateral root initiation in roots of Col-0 (a), slr-1 
(b) and pericycle-sorted cells (c). d, expression upon IAA treatment (5 µM) in Col-0 and arf7 arf19 
double knockout.
Figure S8: lbd33 T-DNA localization and RT-PCR confirmation. a, Graphical representation of T-DNA 
insertion the LBD33 gene. b, Relative expression levels of LBD33 in the insertion line, as determined 







































































































LBD18 activates E2Fa upon lateral root initiation
Figure S9: LBD auxin induction in roots is dependent on the SLR/ARF7/ARF19 pathway. a-c, LBD16, 
17, 29 transcript accumulation upon synchronized lateral root initiation in roots of Col-0 (a), slr-1 
(b) and pericycle-sorted cells (c). d, expression upon IAA treatment (5 µM) in Col-0 and arf7 arf19 
double knockout.
Figure S10: Lateral root density of control (Col-0) and lbd18-2 knockout plants and two lines of 
lbd18-2 plants complemented by the ProLBD18:LBD18-GFP construct 8 days after germination. 


















































































































Figure S11: E2Fb-GFP protein levels upon NAA application in xylem-pole pericycle cells 
counterstained with propidium iodide. Hours after NAA treatment are indicated in upper left 
corner. White arrows indicate XPP nuclei.
Figure S12: lbd18-1 and lbd18-2 T-DNA localization, RT-PCR confirmation and lateral root density 
phenotype. a, Graphical representation of the two T-DNA insertions in the LBD18 gene. b, Relative 
expression levels of LBD18 in the insertion lines, as determined by RT-PCR. Data represent mean 
±s.d. (n = 3). c, Lateral root density of lbd18 insertion lines, 8 days after germination. Data represent 





























































































































































































































































































































































RP were used with T-DNA border primer to amplfy T-DNA insert
Table S5: List of primers used for cloning








LBD15 LBD16 LBD17 LBD18 LBD33
LBD15 13.1 26.5 14.9 19.7
LBD16 4.6 ? ? 19.5
LBD17 29.8 ? ? 27.1
LBD18 7.8 26.5 ? 7.5







Table S2: LBD interaction overview determined by FRET measurements
 
Line Normal areoles Reduced areoles disconnected 
Col-0 92.9% (78/84) 4.8% (4/84) 2.4% (2/84)
e2fa-1 54.5% (48/88) 36.4% (32/88) 9.1% (8/88)
e2fa-2 54.8% (40/73) 38.4% (28/73) 6.8% (5/73)
Table S3: Variations of cotyledon vein formation.
The venations that include three or more and two areoles were dened as normal
and reduced areoles, respectively.
113
















































Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W., and Lipman, D.J. (1997). Gapped 
BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res 25, 
3389-3402.
Beeckman, T., Burssens, S., and Inze, D. (2001). The peri-cell-cycle in Arabidopsis. J Exp Bot 52, 403-411.
Benkova, E., Michniewicz, M., Sauer, M., Teichmann, T., Seifertova, D., Jurgens, G., and Friml, J. (2003). 
Local, efflux-dependent auxin gradients as a common module for plant organ formation. Cell 115, 
591-602.
Berckmans, B., and De Veylder, L. (2009). Transcriptional control of the cell cycle. Curr Opin Plant Biol 12, 
599-605.
Berleth, T., Mattsson, J., and Hardtke, C.S. (2000). Vascular continuity and auxin signals. Trends Plant Sci 5, 
387-393.
Bleckmann, A., Weidtkamp-Peters, S., Seidel, C.A., and Simon, R. (2010). Stem cell signaling in Arabidopsis 
requires CRN to localize CLV2 to the plasma membrane. Plant Physiol 152, 166-176.
Borghi, L., Bureau, M., and Simon, R. (2007). Arabidopsis JAGGED LATERAL ORGANS is expressed in 
boundaries and coordinates KNOX and PIN activity. Plant Cell 19, 1795-1808.
Bowler, C., Benvenuto, G., Laflamme, P., Molino, D., Probst, A.V., Tariq, M., and Paszkowski, J. (2004). 
Chromatin techniques for plant cells. Plant J 39, 776-789.
Burckstummer, T., Bennett, K.L., Preradovic, A., Schutze, G., Hantschel, O., Superti-Furga, G., and Bauch, A. 
(2006). An efficient tandem affinity purification procedure for interaction proteomics in mammalian 
cells. Nat Methods 3, 1013-1019.
Bureau, M., Rast, M.I., Illmer, J., and Simon, R. (2010). JAGGED LATERAL ORGAN (JLO) controls auxin 
dependent patterning during development of the Arabidopsis embryo and root. Plant Mol Biol 74, 
479-491.
Chalfun-Junior, A., Franken, J., Mes, J.J., Marsch-Martinez, N., Pereira, A., and Angenent, G.C. (2005). 
ASYMMETRIC LEAVES2-LIKE1 gene, a member of the AS2/LOB family, controls proximal-distal 
patterning in Arabidopsis petals. Plant Mol Biol 57, 559-575.
Clough, S.J., and Bent, A.F. (1998). Floral dip: a simplified method for Agrobacterium-mediated 
transformation of Arabidopsis thaliana. Plant J 16, 735-743.
De Rybel, B., Vassileva, V., Parizot, B., Demeulenaere, M., Grunewald, W., Audenaert, D., Van 
Campenhout, J., Overvoorde, P., Jansen, L., Vanneste, S., Moller, B., Wilson, M., Holman, T., Van 
Isterdael, G., Brunoud, G., Vuylsteke, M., Vernoux, T., De Veylder, L., Inze, D., Weijers, D., Bennett, 
M.J., and Beeckman, T. (2010). A novel aux/IAA28 signaling cascade activates GATA23-dependent 
specification of lateral root founder cell identity. Curr Biol 20, 1697-1706.
De Smet, I., Vanneste, S., Inze, D., and Beeckman, T. (2006). Lateral root initiation or the birth of a new 
meristem. Plant Mol Biol 60, 871-887.
De Smet, I., Voss, U., Jurgens, G., and Beeckman, T. (2009). Receptor-like kinases shape the plant. Nat Cell 
Biol 11, 1166-1173.
De Smet, I., Chaerle, P., Vanneste, S., De Rycke, R., Inze, D., and Beeckman, T. (2004). An easy and versatile 
embedding method for transverse sections. J Microsc 213, 76-80.
De Smet, I., Tetsumura, T., De Rybel, B., Frey, N.F., Laplaze, L., Casimiro, I., Swarup, R., Naudts, M., 
Vanneste, S., Audenaert, D., Inze, D., Bennett, M.J., and Beeckman, T. (2007). Auxin-dependent 
regulation of lateral root positioning in the basal meristem of Arabidopsis. Development 134, 681-
690.
De Smet, I., Vassileva, V., De Rybel, B., Levesque, M.P., Grunewald, W., Van Damme, D., Van Noorden, G., 
Naudts, M., Van Isterdael, G., De Clercq, R., Wang, J.Y., Meuli, N., Vanneste, S., Friml, J., Hilson, 
P., Jurgens, G., Ingram, G.C., Inze, D., Benfey, P.N., and Beeckman, T. (2008). Receptor-like kinase 
ACR4 restricts formative cell divisions in the Arabidopsis root. Science 322, 594-597.
De Smet, I., Lau, S., Voss, U., Vanneste, S., Benjamins, R., Rademacher, E.H., Schlereth, A., De Rybel, B., 
Vassileva, V., Grunewald, W., Naudts, M., Levesque, M.P., Ehrismann, J.S., Inze, D., Luschnig, C., 
Benfey, P.N., Weijers, D., Van Montagu, M.C., Bennett, M.J., Jurgens, G., and Beeckman, T. (2010). 
Bimodular auxin response controls organogenesis in Arabidopsis. Proc Natl Acad Sci U S A 107, 
2705-2710.
De Sutter, V., Vanderhaeghen, R., Tilleman, S., Lammertyn, F., Vanhoutte, I., Karimi, M., Inze, D., Goossens, 
A., and Hilson, P. (2005). Exploration of jasmonate signalling via automated and standardized 
transient expression assays in tobacco cells. Plant J 44, 1065-1076.
115
LBD18 activates E2Fa upon lateral root initiation
De Veylder, L., Beeckman, T., Beemster, G.T., de Almeida Engler, J., Ormenese, S., Maes, S., Naudts, 
M., Van Der Schueren, E., Jacqmard, A., Engler, G., and Inze, D. (2002). Control of proliferation, 
endoreduplication and differentiation by the Arabidopsis E2Fa-DPa transcription factor. EMBO J 21, 
1360-1368.
Deplancke, B., Dupuy, D., Vidal, M., and Walhout, A.J. (2004). A gateway-compatible yeast one-hybrid 
system. Genome Res 14, 2093-2101.
Esmon, C.A., Tinsley, A.G., Ljung, K., Sandberg, G., Hearne, L.B., and Liscum, E. (2006). A gradient of auxin 
and auxin-dependent transcription precedes tropic growth responses. Proc Natl Acad Sci U S A 103, 
236-241.
Evans, M.M. (2007). The indeterminate gametophyte1 gene of maize encodes a LOB domain protein 
required for embryo Sac and leaf development. Plant Cell 19, 46-62.
Friml, J. (2003). Auxin transport - shaping the plant. Curr Opin Plant Biol 6, 7-12.
Friml, J., Wisniewska, J., Benkova, E., Mendgen, K., and Palme, K. (2002). Lateral relocation of auxin efflux 
regulator PIN3 mediates tropism in Arabidopsis. Nature 415, 806-809.
Fuchs, I., Philippar, K., Ljung, K., Sandberg, G., and Hedrich, R. (2003). Blue light regulates an auxin-induced 
K+-channel gene in the maize coleoptile. Proc Natl Acad Sci U S A 100, 11795-11800.
Fukaki, H., Tameda, S., Masuda, H., and Tasaka, M. (2002). Lateral root formation is blocked by a gain-of-
function mutation in the SOLITARY-ROOT/IAA14 gene of Arabidopsis. Plant J 29, 153-168.
Hardtke, C.S., and Berleth, T. (1998). The Arabidopsis gene MONOPTEROS encodes a transcription factor 
mediating embryo axis formation and vascular development. Embo J 17, 1405-1411.
Henriques, R., Magyar, Z., Monardes, A., Khan, S., Zalejski, C., Orellana, J., Szabados, L., de la Torre, C., 
Koncz, C., and Bogre, L. (2010). Arabidopsis S6 kinase mutants display chromosome instability and 
altered RBR1-E2F pathway activity. Embo J 29, 2979-2993.
Himanen, K., Boucheron, E., Vanneste, S., de Almeida Engler, J., Inze, D., and Beeckman, T. (2002). Auxin-
mediated cell cycle activation during early lateral root initiation. Plant Cell 14, 2339-2351.
Himanen, K., Vuylsteke, M., Vanneste, S., Vercruysse, S., Boucheron, E., Alard, P., Chriqui, D., Van 
Montagu, M., Inze, D., and Beeckman, T. (2004). Transcript profiling of early lateral root initiation. 
Proc Natl Acad Sci U S A 101, 5146-5151.
Husbands, A., Bell, E.M., Shuai, B., Smith, H.M., and Springer, P.S. (2007). LATERAL ORGAN BOUNDARIES 
defines a new family of DNA-binding transcription factors and can interact with specific bHLH 
proteins. Nucleic Acids Res 35, 6663-6671.
Inukai, Y., Sakamoto, T., Ueguchi-Tanaka, M., Shibata, Y., Gomi, K., Umemura, I., Hasegawa, Y., Ashikari, 
M., Kitano, H., and Matsuoka, M. (2005). Crown rootless1, which is essential for crown root 
formation in rice, is a target of an AUXIN RESPONSE FACTOR in auxin signaling. Plant Cell 17, 1387-
1396.
Inze, D., and De Veylder, L. (2006). Cell cycle regulation in plant development. Annu Rev Genet 40, 77-105.
Irizarry, R.A., Hobbs, B., Collin, F., Beazer-Barclay, Y.D., Antonellis, K.J., Scherf, U., and Speed, T.P. (2003). 
Exploration, normalization, and summaries of high density oligonucleotide array probe level data. 
Biostatistics 4, 249-264.
Iwakawa, H., Iwasaki, M., Kojima, S., Ueno, Y., Soma, T., Tanaka, H., Semiarti, E., Machida, Y., and 
Machida, C. (2007). Expression of the ASYMMETRIC LEAVES2 gene in the adaxial domain of 
Arabidopsis leaves represses cell proliferation in this domain and is critical for the development of 
properly expanded leaves. Plant J 51, 173-184.
Kang, J., Mizukami, Y., Wang, H., Fowke, L., and Dengler, N.G. (2007). Modification of cell proliferation 
patterns alters leaf vein architecture in Arabidopsis thaliana. Planta 226, 1207-1218.
Karimi, M., Inze, D., and Depicker, A. (2002). GATEWAY vectors for Agrobacterium-mediated plant 
transformation. Trends Plant Sci 7, 193-195.
Karimi, M., Depicker, A., and Hilson, P. (2007). Recombinational cloning with plant gateway vectors. Plant 
Physiol 145, 1144-1154.
Lammens, T., Boudolf, V., Kheibarshekan, L., Zalmas, L.P., Gaamouche, T., Maes, S., Vanstraelen, M., 
Kondorosi, E., La Thangue, N.B., Govaerts, W., Inze, D., and De Veylder, L. (2008). Atypical E2F 
activity restrains APC/CCCS52A2 function obligatory for endocycle onset. Proc Natl Acad Sci U S A 
105, 14721-14726.
Lee, H.W., Kim, N.Y., Lee, D.J., and Kim, J. (2009). LBD18/ASL20 regulates lateral root formation in 
combination with LBD16/ASL18 downstream of ARF7 and ARF19 in Arabidopsis. Plant Physiol 151, 
1377-1389.
Lin, W.C., Shuai, B., and Springer, P.S. (2003). The Arabidopsis LATERAL ORGAN BOUNDARIES-domain gene 
ASYMMETRIC LEAVES2 functions in the repression of KNOX gene expression and in adaxial-abaxial 
116
Chapter 3
patterning. Plant Cell 15, 2241-2252.
Liu, H., Wang, S., Yu, X., Yu, J., He, X., Zhang, S., Shou, H., and Wu, P. (2005). ARL1, a LOB-domain protein 
required for adventitious root formation in rice. Plant J 43, 47-56.
Majer, C., and Hochholdinger, F. (2010). Defining the boundaries: structure and function of LOB domain 
proteins. Trends Plant Sci.
Malamy, J.E., and Benfey, P.N. (1997). Organization and cell differentiation in lateral roots of Arabidopsis 
thaliana. Development 124, 33-44.
Matsumura, Y., Iwakawa, H., Machida, Y., and Machida, C. (2009). Characterization of genes in the 
ASYMMETRIC LEAVES2/LATERAL ORGAN BOUNDARIES (AS2/LOB) family in Arabidopsis thaliana, 
and functional and molecular comparisons between AS2 and other family members. Plant J 58, 
525-537.
Moreno-Risueno, M.A., Van Norman, J.M., Moreno, A., Zhang, J., Ahnert, S.E., and Benfey, P.N. (2010). 
Oscillating gene expression determines competence for periodic Arabidopsis root branching. 
Science 329, 1306-1311.
Oh, S.A., Park, K.S., Twell, D., and Park, S.K. (2010). The SIDECAR POLLEN gene encodes a microspore-
specific LOB/AS2 domain protein required for the correct timing and orientation of asymmetric cell 
division. Plant J 64, 839-850.
Okushima, Y., Fukaki, H., Onoda, M., Theologis, A., and Tasaka, M. (2007). ARF7 and ARF19 regulate lateral 
root formation via direct activation of LBD/ASL genes in Arabidopsis. Plant Cell 19, 118-130.
Okushima, Y., Overvoorde, P.J., Arima, K., Alonso, J.M., Chan, A., Chang, C., Ecker, J.R., Hughes, B., Lui, 
A., Nguyen, D., Onodera, C., Quach, H., Smith, A., Yu, G., and Theologis, A. (2005). Functional 
genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana: 
unique and overlapping functions of ARF7 and ARF19. Plant Cell 17, 444-463.
Overvoorde, P., Fukaki, H., and Beeckman, T. (2010). Auxin control of root development. Cold Spring Harb 
Perspect Biol 2, a001537.
Parizot, B., De Rybel, B., and Beeckman, T. (2010). VisuaLRTC: a new view on lateral root initiation by 
combining specific transcriptome data sets. Plant Physiol 153, 34-40.
Peret, B., De Rybel, B., Casimiro, I., Benkova, E., Swarup, R., Laplaze, L., Beeckman, T., and Bennett, M.J. 
(2009). Arabidopsis lateral root development: an emerging story. Trends Plant Sci 14, 399-408.
Rios, G., Lossow, A., Hertel, B., Breuer, F., Schaefer, S., Broich, M., Kleinow, T., Jasik, J., Winter, J., Ferrando, 
A., Farras, R., Panicot, M., Henriques, R., Mariaux, J.B., Oberschall, A., Molnar, G., Berendzen, K., 
Shukla, V., Lafos, M., Koncz, Z., Redei, G.P., Schell, J., and Koncz, C. (2002). Rapid identification of 
Arabidopsis insertion mutants by non-radioactive detection of T-DNA tagged genes. Plant J 32, 243-
253.
Rolland-Lagan, A.G. (2008). Vein patterning in growing leaves: axes and polarities. Curr Opin Genet Dev 18, 
348-353.
Sanz, L., Dewitte, W., Forzani, C., Patell, F., Nieuwland, J., Wen, B., Quelhas, P., De Jager, S., Titmus, C., 
Campilho, A., Ren, H., Estelle, M., Wang, H., and Murray, J.A. (2011). The Arabidopsis D-Type 
Cyclin CYCD2;1 and the Inhibitor ICK2/KRP2 Modulate Auxin-Induced Lateral Root Formation. Plant 
Cell.
Scarpella, E., Barkoulas, M., and Tsiantis, M. (2010). Control of leaf and vein development by auxin. Cold 
Spring Harb Perspect Biol 2, a001511.
Semiarti, E., Ueno, Y., Tsukaya, H., Iwakawa, H., Machida, C., and Machida, Y. (2001). The ASYMMETRIC 
LEAVES2 gene of Arabidopsis thaliana regulates formation of a symmetric lamina, establishment of 
venation and repression of meristem-related homeobox genes in leaves. Development 128, 1771-
1783.
Shuai, B., Reynaga-Pena, C.G., and Springer, P.S. (2002). The lateral organ boundaries gene defines a novel, 
plant-specific gene family. Plant Physiol 129, 747-761.
Smyth, G.K. (2004). Linear models and empirical bayes methods for assessing differential expression in 
microarray experiments. Stat Appl Genet Mol Biol 3, Article3.
Soyano, T., Thitamadee, S., Machida, Y., and Chua, N.H. (2008). ASYMMETRIC LEAVES2-LIKE19/LATERAL 
ORGAN BOUNDARIES DOMAIN30 and ASL20/LBD18 regulate tracheary element differentiation in 
Arabidopsis. Plant Cell 20, 3359-3373.
Sozzani, R., Maggio, C., Varotto, S., Canova, S., Bergounioux, C., Albani, D., and Cella, R. (2006). Interplay 
between Arabidopsis activating factors E2Fb and E2Fa in cell cycle progression and development. 
Plant Physiol 140, 1355-1366.
Tanaka, H., Dhonukshe, P., Brewer, P.B., and Friml, J. (2006). Spatiotemporal asymmetric auxin distribution: 
a means to coordinate plant development. Cell Mol Life Sci 63, 2738-2754.
117
LBD18 activates E2Fa upon lateral root initiation
Traas, J., and Moneger, F. (2010). Systems biology of organ initiation at the shoot apex. Plant Physiol 152, 
420-427.
Van Leene, J., Witters, E., Inze, D., and De Jaeger, G. (2008). Boosting tandem affinity purification of plant 
protein complexes. Trends Plant Sci 13, 517-520.
Van Leene, J., Stals, H., Eeckhout, D., Persiau, G., Van De Slijke, E., Van Isterdael, G., De Clercq, A., 
Bonnet, E., Laukens, K., Remmerie, N., Henderickx, K., De Vijlder, T., Abdelkrim, A., Pharazyn, A., 
Van Onckelen, H., Inze, D., Witters, E., and De Jaeger, G. (2007). A tandem affinity purification-
based technology platform to study the cell cycle interactome in Arabidopsis thaliana. Mol Cell 
Proteomics 6, 1226-1238.
Van Leene, J., Hollunder, J., Eeckhout, D., Persiau, G., Van De Slijke, E., Stals, H., Van Isterdael, G., Verkest, 
A., Neirynck, S., Buffel, Y., De Bodt, S., Maere, S., Laukens, K., Pharazyn, A., Ferreira, P.C., Eloy, N., 
Renne, C., Meyer, C., Faure, J.D., Steinbrenner, J., Beynon, J., Larkin, J.C., Van de Peer, Y., Hilson, 
P., Kuiper, M., De Veylder, L., Van Onckelen, H., Inze, D., Witters, E., and De Jaeger, G. (2010). 
Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana. Mol 
Syst Biol 6, 397.
Vanneste, S., and Friml, J. (2009). Auxin: a trigger for change in plant development. Cell 136, 1005-1016.
Vanneste, S., De Rybel, B., Beemster, G.T., Ljung, K., De Smet, I., Van Isterdael, G., Naudts, M., Iida, R., 
Gruissem, W., Tasaka, M., Inze, D., Fukaki, H., and Beeckman, T. (2005). Cell cycle progression 
in the pericycle is not sufficient for SOLITARY ROOT/IAA14-mediated lateral root initiation in 
Arabidopsis thaliana. Plant Cell 17, 3035-3050.
Wilmoth, J.C., Wang, S., Tiwari, S.B., Joshi, A.D., Hagen, G., Guilfoyle, T.J., Alonso, J.M., Ecker, J.R., and 
Reed, J.W. (2005). NPH4/ARF7 and ARF19 promote leaf expansion and auxin-induced lateral root 
formation. Plant J 43, 118-130.
Zgurski, J.M., Sharma, R., Bolokoski, D.A., and Schultz, E.A. (2005). Asymmetric auxin response precedes 
asymmetric growth and differentiation of asymmetric leaf1 and asymmetric leaf2 Arabidopsis 







 Light-dependent regulation of
 DEL1 is determined by the
 antagonistic action of 
E2Fb and E2Fc
Adapted from:
Barbara Berckmans, Tim Lammens, Hilde Van Daele, Zoltan Magyar and Lieven De Veylder. 
Light-dependent regulation of DEL1 is determined by the antagonistic action of E2Fb and 
E2Fc. (Manuscript in preparation)

123
Antagonistic control of DEL1 by E2Fb and E2Fc
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The switch from the mitotic cell cycle to the endocycle is mediated by the atypical E2F 
transcription factor DEL1, operating as a repressor of endocycle onset (Vlieghe et al., 
2005; Lammens et al., 2008). Here we identify DEL1 as a transcriptional target of the 
classical E2Fb and E2Fc transcription factors. We furthermore show that DEL1 transcript 
levels are influenced by the photomorphogenic signaling pathway and that modulating 
DEL1 levels uncouples the linkage between light and hypocotyl endoreduplication. As 
both E2Fb and E2Fc protein levels are antagonistically regulated by light, our data suggest 
that repression of endocycle in hypocotyls through the photomorphogenic process is 
mediated by DEL1 through a balance in E2Fb and E2Fc protein levels. Our work provides 





Plant development occurs mostly post-embryonically, which involves the production of 
new cells arising at the meristems. Division of pluripotent stem cells is followed by their cell 
cycle exit and consequently linked to the activation of a variety of different developmental 
programs to produce the distinct cell types and organs. Due to their sessile life style, plants 
are continuously exposed to changing environmental conditions to which they need to adapt 
their body plan. Environmental factors such as light, temperature and nutrient availability 
can influence growth rates and organ production, leaving a mark on the growth patterns 
(Doerner, 2008; Walter et al., 2009; Skirycz and Inze, 2010). This plasticity, however, requires 
a close connection between cell cycle, differentiation and development. Several studies 
indicate that that core cell cycle machinery is a direct target for several developmental 
factors in order to coordinate the balance between cell proliferation and development 
(Gutierrez, 2005; Ramirez-Parra et al., 2005; Busov et al., 2008). Correspondingly, cell 
division rates and cell cycle gene expression levels are changed upon biotic and abiotic 
stresses (Burssens et al., 2000; Granier et al., 2000; Kadota et al., 2004; West et al., 2004). 
The importance of cell cycle in the plant morphology is furthermore shown by the fact that 
altering cell cycle regulation can interfere with the development of the plant  (De Veylder 
et al., 2002; Wyrzykowska et al., 2002; Dewitte et al., 2003; Verkest et al., 2005; Dewitte et 
al., 2007). 
The core cell cycle machinery has been well characterized during the last decades. Upon 
cell cycle stimulation, cyclin-dependent kinases (CDKs) are activated that in turn relief 
the repression of the E2F-DP transcription factors from the repressive action of the 
RETINOBLASTOMA-RELATED (RBR) protein (Inze and De Veylder, 2006; Berckmans and De 
Veylder, 2009). This results into the transcriptional activation of hundreds of E2F target 
genes, including mostly DNA replication genes (Vlieghe et al., 2003; Vandepoele et al., 2005; 
Naouar et al., 2009). Progression through the cell cycle is then further regulated by the 
successive assembly of distinct CDK-cyclin complexes, accompanied by the transcriptional 
activation of genes necessary for the different cell cycle phases.
The E2F/DP/RBR pathway is highly conserved among higher eukaryotes. Besides the 
structure and function, even the recognition site of the E2F/DP factors is identical in both 
animals and plants. Arabidopsis thaliana contains in total 6 E2Fs, which can be further 
divided in typical (E2Fa, E2Fb and E2Fc), atypical E2Fs (DEL1/E2Fe, DEL2/E2Fd and DEL3/
E2Ff) and two DPs (DPa and DPb). Typical E2Fs need to dimerize with a DP in order to 
obtain high DNA binding specificity, which is not the case for atypical E2Fs as they contain 
two DNA binding domains and hence can bind DNA as monomers. Both E2Fa and E2Fb are 
transcriptional activators of the cell cycle and their overexpression causes enhanced cell 
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proliferation (De Veylder et al., 2002; Sozzani et al., 2006). E2Fc overexpression inhibits 
cell cycle progression and hence E2Fc is seen as a repressor (del Pozo et al., 2002; del Pozo 
et al., 2006). Also atypical E2Fs are regarded as repressors as they lack a transcriptional 
activation domain (Lammens et al., 2009) and in agreement they have been shown to 
counteract the activation of E2F-responsive reporter genes by E2Fa or E2Fb (Kosugi and 
Ohashi, 2002b; Mariconti et al., 2002). Reports indicate the involvement of DEL2 and DEL3 
in cell proliferation and expansion control, respectively. DEL1 was identified as an important 
negative regulator of endocycle onset (Vlieghe et al., 2005; Lammens et al., 2008). 
The endocycle, or endoreduplication, is a variant of the mitotic cell cycle. Whereas cells 
duplicate their genome and divide it over the two daughter cells during the mitotic cell 
cycle, endoreduplication leads to the duplication of the genome, without cell division, 
resulting in polyploid cells. In Arabidopsis, endoreduplication occurs in mostly all tissue 
types and it is suggested to play a role in cell differentiation, development, UV resistance 
and metabolic potential (Grafi and Larkins, 1995; Gendreau et al., 1997; Joubes et al., 1999; 
Larkins et al., 2001; Vinardell et al., 2003; Beemster et al., 2005; Hase et al., 2006; Bramsiepe 
et al., 2010; Kazmierczak, 2010; Radziejwoski et al., 2010). Mitotic cell cycle progression 
and endoreduplication are intimately linked during organ development, in which a phase of 
extensive cell proliferation is followed by the onset of endoreduplication (Jacqmard et al., 
1999; Joubes and Chevalier, 2000; De Veylder et al., 2001; Gonzalez et al., 2007). The switch 
between mitotic cell division and endoreduplication is believed to involve the inactivation 
of mitotic CDK-cyclin complexes through the degradation of the cyclin moiety by the 
anaphase promoting complex/cyclosome (APC/C), a E3 ubiquitin ligase targeting proteins 
to the 26S proteasome. The APC/C is conserved over vertebrates and plants, consisting 
of several subunits of which the APC/C activator subunit confers the substrate specificity. 
In plants the APC/C activator CCS52A2 was shown to be responsible for the degradation 
of the G2-M specific cyclin CYCA2;3 to promote endocycle onset (Lammens et al., 2008; 
Boudolf et al., 2009). Homologues of CCS52A2 from Medicago truncatula, Homo sapiens, 
and Drosophila melanogaster exhibit the same function in degrading mitiotic cyclins and 
promoting endocycle progression (Sigrist and Lehner, 1997; Cebolla et al., 1999; Schaeffer 
et al., 2004; Lasorella et al., 2006; Narbonne-Reveau et al., 2008). During the mitotic cell 
cycle, Arabidopsis CCS52A2 transcript levels are repressed by the atypical E2F transcription 
factor DEL1, which transcripts are high during proliferation (Lammens et al., 2008). Upon 
transition to the endocycle DEL1 transcript levels drop dramatically, triggering a peak in 
CCS52A2 transcripts, marking the onset of the endocycle. The importance of DEL1 for the 
regulation of CCS52A2 was proven by the fact that DEL1 misregulation results in uncontrolled 
CCS52A2 expression, coinciding with a change in the timing of endoreduplication onset. 
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As observed for the mitotic cell cycle, the endocycle is under the control of different 
environmental cues. Water deficit, temperature, nutrient supply and light all effect 
endoreduplication, however often the molecular links with the endocycle machinery are 
not known (Mohamed and Bopp, 1980; Artlip et al., 1995; Cavallini et al., 1995; Engelen-
Eigles et al., 2001; Setter and Flannigan, 2001; Cookson et al., 2006; Jovtchev et al., 2006). 
Probably the best well-studied case is the response of Arabidopsis hypocotyls to dark/
light treatment, where absence of light triggers an extra endoreduplication cycle (Figure 1) 
(Gendreau et al., 1997; Gendreau et al., 1998). Similar effects can be seen in the hypocotyl 
of other plant species, including cabbage (Brassica oleracea) and pea (Pisum sativa) (van 
Oosteveldt and van Parijs, 1997; Kudo and Mii, 2004). The inhibition of an extra round 
of endocycle in light grown hypocotyls is mediated by the phytochromes A (PhyA) and B 
(PhyB) in response to far red light and white or red light, respectively. This indicates that the 
repression of an extra endocycle in the light is a part of the phytochrome-controlled plant 
photomorphogensis process (Gendreau et al., 1998).
Figure 1: Relation between hypocotyl lenght, light and DNA ploidy levels. Hypocotyls of plants 
grown in light are shorter than those of plants grown in the dark. The increase in hypocotyl length 
is connected to an increase in hypocotyl ploidy levels. The symbol C is the basic unit for the amount 
of DNA and refers to half of the amount of DNA present in a diploid somatic cell of an eukaryotic 
organism. Picture taken of Matsui, M.; Riken Research; Creating larger plants: Volume 2, Issue 7 
(2007).
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Upon their activation in response to light perception, phytochromes are translocated 
to the nucleus where they activate downstream signaling pathways leading to 
photomorphogenesis through the interaction with different proteins (Quail, 2002). The 
ubiquiting E3 ligase CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) is responsible for the 
degradation of light signaling components in the dark (Deng et al., 1991; Osterlund et al., 
2000). Upon light perception phytochromes inhibit and exclude COP1 from the nucleus 
leading to the accumulation of light signaling transcription factors and initiation of the 
photomorphogenic program (vonArnim et al., 1997; Osterlund and Deng, 1998). Mutants 
in COP1 are hence characterized by photomorphogenesis under dark grown conditions 
because of failure to degrade positive light signals (Deng et al., 1991). Dark grown cop1-4 
mutants hypocotyls ploidy levels resembles those of light grown wild type plants, indicating 
that COP1 is necessary for endoreduplication of dark grown hypocotyls. (Gendreau et al., 
1998). Interestingly, E2Fb protein levels are stabilized in cop1-4 mutants, indicating that 
E2Fb could be a target for COP1 mediated degradation during the absence of light (Lopez-
Juez et al., 2008). On the contrary, E2Fc protein levels are subjected to light mediated 
degradation and accordingly showed a destabilization in cop1-4 mutants (Lopez-Juez et al., 
2008). Light dependent degradation of E2Fc was shown to be dependent on the ubiquitin-
SCFAtSKP2A Pathway (del Pozo et al., 2002). 
Here, we show that both E2Fb and E2Fc are directly involved in the transcriptional control of 
DEL1. We illustrate that DEL1 transcript levels are determined by light through the balance 
between E2Fb and E2Fc protein levels. Correspondingly DEL1 misexpression lines display 
an uncoupling between light and hypocotyl endoreduplication levels, revealing DEL1 as a 




E2F binding sites are conserved within atypical E2F promoters
To identify possible transcriptional regulators of DEL1, a cis-acting element motif search 
analysis of its promoter was performed using the Plant Cis-acting Regulatory DNA Elements 
(PLACE) database (Higo et al., 1999), revealing the presence of two putative E2F-binding 
sites, E2F-1 and E2F-2 (Figure 2, Figure 3a). Interestingly, analyzing the promoters of 
homologues of DEL1 within the green plant lineage revealed the conserved presence of 
E2F binding sites in the promoter of the atypical E2Fs (Figure 2). Moreover, previously the 
mammalian counterparts of DEL1, E2F7 and E2F8, were discovered as direct target genes 
of the classical E2F1, indicative for a conserved interplay between typical and atypical E2Fs 
(Di Stefano et al., 2003; Christensen et al., 2005). To investigate if E2F transcription factors 
associate to the DEL1 promoter, a yeast-one-hybrid experiment was performed. A reporter 
strain, harboring the DEL1 promoter (995 bp) upstream of a HIS3 selection gene and LacZ 
reporter gene was designed. Subsequently, the binding of the three classical E2Fs to the 
DEL1 promoter was tested. Both E2Fb and E2Fc, but not E2Fa, were found to bind to the 
DEL1 promoter, as indicated by both auxothropic growth on histidine-lacking medium 
and activation of the LacZ gene (Figure 3b). These results were confirmed by chromatin 
immunoprecipitation, demonstrating the in vivo association of both E2Fb and E2Fc to the 
DEL1 promoter (Figure 3c). No association could be seen with one of the dimerization 
partners (DPa, DPb) or with one of the atypical E2Fs (DEL1, DEL2, DEL3) (data not shown). 
A transient expression assay was used to investigate the effect of E2Fb and E2Fc on DEL1 
promoter activity. A ProDEL1:Luciferase construct was co-transformed with overexpression 
constructs for either E2Fa, E2Fb or E2Fc. E2Fb and not E2Fa was found to activate the DEL1 
promoter, corresponding with the result that only the former associated with the DEL1 
promoter (Figure 3d). No significant effect could be seen for E2Fc. Together these results 
indicate that DEL1 is bound by E2Fb and E2Fc both in vitro and in vivo, whereby E2Fb can 
transcriptionally activate the DEL1 promoter.  
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Figure 2: Presence of E2F-binding sites in DEL1 promoter is conserved within the green plant 
lineage. Schematic representations E2F binding sites in DEL1 homologues within Viridiplantae. 
Homologues were determined with the PLAZA 2.0 online tool for plant comparative genomics 
(Proost et al., 2009). The presence and position of E2F cis-acting elements was determined with the 
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Figure 3: E2Fb and E2Fc interact with the DEL1 promoter. a, Sequence of the DEL1 promoter with 
the two putative E2F cis-acting sites (red) and the primers used for ChIP (black arrows) indicated. b, 
c, E2Fb and E2Fc interact with the DEL1 promoter in yeast (b) and in planta (c) as shown by Y1H and 
ChIP, respectively. Interactions observed by Y1H are  positive when both His3 and LacZ expression are 
induced. d, Protoplast transactivation activity assay with a ProDEL1:fLuciferase reporter construct. 
a Pro35S:rLuciferase normalization construct and E2Fb and E2Fc effector constructs (Pro35S:E2Fb 
and Pro35S:E2Fc). Luciferase activity of control cells was arbitrarily set to 1. Data are mean ± s.e.m. 
(n=8; ***P ≤ 0.001; two-sided t-test).
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E2Fb and E2Fc regulate DEL1 expression through binding of the same E2F-site
As the DEL1 promoter holds two putative E2F sites, we wondered if E2Fb and E2Fc might 
bind different cis-acting elements or compete with each other for the same binding site. To 
analyze the functional relevance of both detected E2F cis-elements, we designed constructs 
where either one (ProDEL1-Mut1 and ProDEL1-MUT2) or both (ProDEL1-Mut1/2) E2F sites 
were mutated. The first E2F-site 5’-ATTCCCCC-3’ was mutated into 5’-ATTCAACC (ProDEL1-
Mut1) and the second E2F-site 5’-ATTGGCGC-3’ into 5’-ATTGAAGC-3’ (ProDEL1-Mut2), 
as this type of mutation was demonstrated previously to impair E2F binding (Kosugi and 
Ohashi, 2002a; Boudolf et al., 2004). In a first experiment the three promoter constructs 
were tested with Y1H on their ability to bind E2Fb and E2Fc. Mutation of both sites impaired 
binding of both E2Fb and E2Fc. Also the ProDEL1-Mut2 promoter failed to interact with both 
E2Fb and E2Fc, as was seen for ProDEL1-Mut1/2. By contrast, the ProDEL1-Mut1 construct 
was still functional (Figure 4a).
Next we analyzed the mutated promoters using the transient activation assay. Activation 
by E2Fb could only be seen when the second E2F site was not mutated, indicating that 
E2Fb activates DEL1 through binding of E2F-2 (Figure 4b). Due to a lack in transcriptional 
activation domain, E2Fc is assumed to work as a repressor, however we don’t know if this 
occurs through direct repression or by competing with the activating E2Fs for available 
binding sites. To test the latter, we combined the E2Fb and E2Fc overexpression constructs 
in the transactivation assay. Interestingly, we could see that combining both diminished 
the activation of the DEL1 promoter by E2Fb (Figure 4c). A competition experiment using 
ProDEL1-Mut1, showed that E2Fc acts as an repressor on the E2F-2 site, in agreement with 
its binding preference to this site (Figure 4c). We can conclude from these data that E2Fb 
and E2Fc compete for the same E2F site (E2F-2) and that DEL1 promoter activity could rely 
on a balance between the E2Fb and E2Fc protein levels.
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Figure 4: E2Fb and E2Fc compete for binding to the E2F-2 site in the DEL1 promoter. a, E2Fb and 
E2Fc interact with E2F-2 in yeast shown by Y1H. b, c, Protoplast transactivation activity assay with a 
ProDEL1:fLuciferase reporter construct, a Pro35S:rLuciferase normalization construct and E2Fb and 
E2Fc effector constructs (Pro35S:E2Fb and Pro35S:E2Fc). An intact E2F-2 binding site is necessary 
for activation of the DEL1 promoter by E2Fb (b) Both E2Fb and E2Fc bind E2F-2 in a competitive 
manner (c). Luciferase activity of control cells was arbitrarily set to 1. Data are mean ± s.e.m. (n=8; 
***P ≤ 0.001; two-sided t-test).
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E2F-2 site mutation decreases DEL1 expression in vivo
To analyze the in vivo effect of mutating the E2F-2 site, the ProDEL1-Mut2:GUS reporter 
construct was transformed into Arabidopsis thaliana plants. DEL1 expression was found 
to be confined to the dividing tissues, including the shoot and root apical meristems and 
vascular tissue (Figure 5a-e), confirming previous results (Lammens et al., 2008). Mutating 
E2F-2 constrained GUS staining to the vascular tissue (Figure 5f-j). GUS activity in the 
dividing cells of the leaf, the root apical meristem (RAM), lateral root primordial and shoot 
apical meristem (SAM) was strongly reduced (Figure 5f-j), probably related to the fact that 
E2Fb cannot activate the E2F-2 mutated DEL1 promoter. To confirm this, a ChIP experiment 
was designed where we compared binding to the endogenous promoter with that to the 
introduced promoter constructs, using primers that were designed to amplify either the 
endogenous or the mutant promoter by using reverse primer annealing with the DEL1 or 
the GUS gene, respectively. From this experiment it could be concluded that deleting E2F-2 
abolished binding of both E2Fb and E2Fc in vivo (Figure 5k, l).
DEL1 expression levels are modified in E2Fb and E2Fc transgenic lines
Because E2Fb and E2Fc bind and regulate DEL1 promoter activity, it was tested if DEL1 
transcript levels were modified in E2Fb and E2Fc transgenic lines. For this we isolated an 
E2Fb T-DNA insertion line (e2fb-1) and generated an E2Fb overexpression line. E2FbOE and 
e2fb-1 lines both showed respectively an increase and decrease in both E2Fb transcript 
and protein levels (Figure S1 and Figure S2). E2Fc overexpression and silencing lines were 
described before (del Pozo et al., 2002; del Pozo et al., 2006), however in our hands these 
silencing lines appeared unstable, whereas own attempts to generate silencing lines failed 
(data not shown). Within the available transgenic lines, DEL1 expression levels were found 
to be downregulated in both e2fb-1 and E2FcOE lines, whereas an increase was seen in the 
E2FbOE lines (Figure 6a). The changes in transcript levels were relatively small, indicating 
that DEL1 regulation by E2Fb and E2Fc might be restricted to specific tissues or conditions. 
To visualize in which tissues the change in expression of DEL1 occurred, we crossed the 
ProDEL1:GUS reporter line with the different E2Fb/E2Fc transgenic lines. In the e2fb-1 
background a general decrease in DEL1 promoter activity could be observed, which could 
be clearly seen in the RAM and SAM (Figure 6b-g), which resembled closely the GUS 
expression pattern of ProDEL1-Mut2:GUS lines. In E2FbOE background GUS staining was 
intensified in the RAM, whereas ectopic GUS staining could be seen in stretches along the 
root and in root hair cells (Figure 6h-k). No changes in spatial expression could be observed 
in the E2FcOE background (data not shown). In conclusion, transcript level studies confirm 
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that E2Fb and E2Fc influences DEL1 transcript levels in vivo. As for E2Fb we can visualize 
that this change in expression is specific to certain tissue types, however we could not 
address this for E2Fc. 
Figure 5: E2F-2 is necessary for DEL1 expression in dividing tissues and binding of E2Fb and E2Fc in 
vivo. a-j, ProDEL1:GUS (a-e) versus ProDEL1-Mut2:GUS (f-j) expression. Plants were grown under a 
16h photoperiod. k, l, In vivo analysis of E2Fb and E2Fc binding to the endogenous DEL1 promoter 
and to the inserted constructs ProDEL1:GUS (k) and ProDEL1-Mut2:GUS (l), using a reverse primer 
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Figure 6: DEL1 expression levels change in E2Fb/E2Fc transgenic lines. a, DEL1 expression levels 
in control (Col-0), E2FcOE, e2fb-1 and E2FbOE lines. Data represent mean ± s.d. (n=3, *P ≤ 0.05; two-
sided t-test). b-g, ProDEL1:GUS in Col-0 (b-d) and e2fb-1 (e-f) background. h-k, ProDEL1:GUS in Col-
0 (h) and E2FbOE (i-k) background. Plants were grown under a 16h photoperiod.
DEL1 expression levels are light dependent and regulated by COP1 
Recently it was demonstrated that E2Fc proteins levels are high in etiolated seedlings, 
whereas E2Fb protein levels are low, in comparison to light grown seedlings. Transferring 
plants from dark to light resulted into the degradation and increase of E2Fc and E2Fb protein 
levels respectively (Lopez-Juez et al., 2008). The antagonistic control of E2Fb and E2Fc on 
the DEL1 promoter activity suggested that E2Fb and E2Fc might control light-dependent 
DEL1 transcription. To test this hypothesis, it was first tested whether DEL1 transcription 
is light-dependently regulated by comparing GUS activity of dark grown ProDEL1:GUS 
plants with that of seedlings transferred from dark to light for 4 h, 24 h and 48 h. In dark 

































(Figure 7a-d). In contrast, in ProDEL1-Mut2:GUS lines no upregulation of GUS expression 
could be seen, even after 48h of light treatment, except for the vascular cells (Figure 7i). 
Transferring ProDEL1:GUS seedlings from light upon dark resulted in sequentially activation 
and deactivation of the DEL1 promoter activity in the shoot apical meristem (Figure 7e-h).
Degradation of E2Fb protein levels in the dark was suggested to be mediated by COP1, 
as E2Fb protein levels were found to be high in dark-grown cop1-4 mutant plants (Lopez-
Juez et al., 2008). To investigate if this stabilization had an effect on DEL1 expression, we 
compared transcript levels in dark- and light-grown wild type and cop1-4 mutant plants. 
Whereas no significant difference in DEL1 transcript levels could be observed between 
light-grown wild type and cop1-4 plants, dark-grown cop1-4 plants showed an increased 
DEL1 expression level compared to dark-grown wild type plants (Figure 7j). From these 
data we conclude that DEL1 transcript levels are inhibited in the dark, through the COP1 
mediated degradation of E2Fb. 
Light-dependent endoreduplication of hypocotyls is dependent on DEL1
DEL1 is known to act as an inhibitor of endocycle onset, whereas endoreduplication levels 
of hypocotyl cells are known to be light dependent (Gendreau et al., 1998; Vlieghe et al., 
2005; Lammens et al., 2008). Because of the observed control of DEL1 transcription by 
light, it was tested whether DEL1 could be involved in controlling light-dependent hypocotyl 
endoreduplication. At first we analyzed hypocotyl ploidy levels of seedlings 12 days after 
germination grown under short day (8 hours light) versus long day (16 hours light) conditions. 
Hypocotyls of seedlings grown in short day conditions showed a higher ploidy level, mostly 
due to an increase in the 8C and 16C ploidy content (Figure 8a, b), confirming the previously 
reported dependence of the DNA content on the light (Gendreau et al., 1998). DEL1OE and 
del1-1 , however, reacted differently to the applied light regime. Whereas control plants 
showed an increased endoreduplication index (EI) under short day compared to long day 
conditions, 12 days del1-1 plants displayed an equal level of endoreduplication under both 
conditions, being approximately equal to that seen in short day grown wild type plants 
(Figure 8c). Reversely, both light and dark grown DEL1OE plants displayed an EI comparable 
to that of long day grown wild type plants (Figure 8c). Looking to the relative proportion 
of each ploidy class showed that whereas in Col-0 an increase in proportion of 16C under 
short day grown conditions was observed, no obvious changes could be seen in ploidy 
distribution between short and long day grown del1-1 and DEL1OE plants (Figure 8d, e, f). 
These data illustrate that reducing or increasing DEL1 transcript levels largely uncoupled 
the link between light and endoreduplication in the hypocotyl.
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Figure 7: DEL1 expression levels are light dependent and dependent on the presence of COP1. a-d, 
ProDEL1:GUS plants grown for 3 days  in the dark (a) and exposed for 4h (b), 24 h (c) or 48 h (d) to 
light. e-h, ProDEL1:GUS plants grown for 3 days in the dark (e), switched to continuous light for 24 
h (f) after which they were placed back for 24 h in the dark (g) and switched again to continuous 
light for 24 h (h). (i) ProDEL1-Mut2:GUS plants switched to continuous light for 48 h after 3 days of 
germination in the dark. j, DEL1 expression levels in control (Col-0) and cop1-4 lines. Data represent 






























Figure 8: Response of hypocotyl ploidy levels to the light is influenced by DEL1 transcript levels. a, b, 
Ploidy distribution in hypocotyls of long day (a) and short day (b) grown plants. c, Endoreduplication 
index in Col-0, del1-1 and DEL1OE lines under short day (SD) and long day (LD) conditions after 12 
days of growth. d-f, Ploidy distribution in Col-0 (d), del1-1 (e) and DEL1OE (f) lines under short day 
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Discussion
Both E2Fb and E2Fc bind the DEL1 promoter in a competitive manner
Previously, we demonstrated that DEL1 operates in mitotic dividing cells as a repressor of 
endocycle onset (Lammens et al., 2008). To get insight on how DEL1 expression might be 
regulated, we focused on the two putative E2F cis-elements present in its promoter. Through 
yeast-one-hybrid and ChIP experiments we demonstrated that both E2Fb and E2Fc bind the 
DEL1 promoter. E2Fb and E2Fc are both designated as classical E2Fs. E2Fb is an activator 
of gene expression, whereas E2Fc, due to a lack of transcriptional activation domain, is 
assigned to operate as a repressor (del Pozo et al., 2002; Mariconti et al., 2002; Sozzani 
et al., 2006). The association of antagonistic E2Fs to the DEL1 promoter suggests that the 
DEL1 transcript levels are controlled by the relative abundance of E2Fb and E2Fc. Indeed, 
in protoplasts, E2Fc could counteract activation of the DEL1 promoter by E2Fb. As E2Fc on 
its own was unable to repress DEL1 activity, it suggests that E2Fc does not work as an active 
repressor, but rather occupies the E2F-sites, hindering activation by E2Fb. Similarly, using a 
transient activation assay, the lack of active repression by E2Fc was demonstrated (de Jager 
et al., 2001; Kosugi and Ohashi, 2002c). Nevertheless, it still could be that E2Fc cooperates 
with other proteins to actively repress gene transcription, which are not present in the 
transient activation assay. Similarly, in mammals and Drosophila melanogaster, repressing 
E2Fs exert their function by interacting with additional proteins, among which RB proteins 
(Liu et al., 1997; Stevaux and Dyson, 2002; Lewis et al., 2004; Stevaux et al., 2005; Nakajima 
et al., 2007; van den Heuvel and Dyson, 2008).
The antagonistic relationship between repressing and activating E2Fs is well described 
in Drosophila. Drosophila holds only two E2Fs, one activator (dE2F1) and one repressor 
(dE2F2) (Ohtani and Nevins, 1994; Sawado et al., 1998). This reduces the complexity among 
the E2Fs, making Drosophila an ideal system to study the relation between activating and 
repressing E2Fs. Mutation in the activating dE2F1 inhibits the G1-to-S transition and cell 
cycle progression, whereas mutation in dE2F2 results in the increase in expression of only 
a minor amount of G1/S genes without any clear effect on cell proliferation (Duronio et 
al., 1995; Cayirlioglu et al., 2001; Frolov et al., 2001). Remarkably, combining the de2f1 
and de2f2 mutations results in a normal cell proliferation progression (Frolov et al., 2001). 
This results implies that G1/S expression is balanced through the antagonistically action of 
dE2F1 and dE2F2. Although it appears that E2Fs are not necessary for cell cycle progression, 
their knockout effected the oscillation in gene expression of several target genes. Larval 
cell proliferation is normal, but de2f1 de2f2 mutants were not viable due to problems 
in developmental pathways. Similarly, in mice the individual mutations of activator or 
repressors result in tissue-specific defects in proliferation and/or development, indicating 
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that a balance between positive and negative acting E2Fs is important for connecting cell 
cycle and differentiation (Attwooll et al., 2004; Dimova and Dyson, 2005). In plants, the 
RNR and PCNA genes are regulated by both repressing and activating E2Fs in a tissue- 
and developmental-dependent context (Chaboute et al., 2000; Egelkrout et al., 2002). 
Antagonistic regulation could be a way of changing rapidly the transcriptional activity 
of the target gene. Especially, as in the case for E2Fb and E2Fc that are regulated on the 
protein level, destabilization or stabilization of one of the E2Fs could result into a rapid 
displacement of the other from the target promoter. Such a rapid switch might be essential 
for an irreversible entry into the endocycle. As E2Fb and E2Fc promote cell proliferation and 
endoreduplication, respectively, our results suggest that the onset of endoreduplication, 
regulated by DEL1 is determined by the balance in E2Fb and E2Fc protein levels. 
DEL1 expression in dividing tissues is mediated through E2Fb binding on E2F-2
Interestingly, analyzing the two E2F sites in detail showed clearly that E2Fb only could 
activate the DEL1 promoter through E2F-2. Moreover, the competition between E2Fb and 
E2Fc was still observed with ProDEL1-Mut1, concluding that both E2Fb and E2Fc can bind the 
same E2F-site in the DEL1 promoter, which could be confirmed in vivo by ChIP. Interestingly, 
E2F-2 showed the most resemblance to the previously proposed E2F-consensus binding 
site (Vandepoele et al., 2002). 
DEL1 expression is restricted to dividing tissues. Mutating the second E2F-site restricted 
GUS staining to the vascular tissues. No staining was observed in young leaves, lateral root 
primordia or SAM. GUS expression was still visible in RAM, however to a much lower extent in 
comparison with ProDEL1:GUS lines. As this reduction in promoter activity is most probably 
related to fact that E2Fb cannot associate with the mutated promoter, we postulate that 
expression of DEL1 in dividing tissues is mostly dependent on E2Fb. As deleting E2F-2 only 
repressed DEL1 promoter activity, it confirms that E2Fc does not have an active repression 
function, but rather occupies the E2F-2 binding site preventing association of E2Fb. At the 
moment it is unclear why DEL1 expression is maintained in the vascular cells. It indicates the 
involvement of an E2F independent transcriptional control. As endoreduplication cells are 
rarely observed to reenter the cell cycle, DEL1 expression in vascular cells might represent 
a mechanism to keep these cells competent for division, allowing them to contribute to 
vascular thickening. In agreement, although not many  studies exist, no endoreduplication 
is reported to occur in vascular tissue (Mellerowicz and Riding, 1992; Paschalidis et al., 
2005).
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Next to E2F-indepentent transcriptional control, there might be a chance that in the absence 
of E2Fb, E2Fa might control DEL1 promoter activity. Measuring DEL1 expression levels 
showed only a minor reduction in e2fb-1 mutant plants. Interestingly, preliminary results of 
an e2fa e2fb double mutant showed enhanced ploidy levels in mature leaves (Figure S3). If 
this is due to a decrease in DEL1 and concomitantly a faster onset of endoreduplication still 
needs to be investigated. 
E2Fb overexpression induces ectopic DEL1 expression
Investigating ProDEL1:GUS lines in a E2Fb overproducing background revealed an induction 
of GUS expression in the root meristem. Analyzing RNA transcript levels by qRT-PCR confirmed 
DEL1 induction in E2FbOE overexpressing plants. Interestingly, E2Fb overexpressing caused 
ectopic GUS expression in root hair cells. Root hairs are often compared with trichomes that 
show a ploidy-dependent growth (Larkin et al., 2003; Ishida et al., 2008). Like trichomes, 
Arabidopsis root hairs consist of a single cell whose length is suggested to be proportional 
to their ploidy level (Sugimoto-Shirasu et al., 2005; Breuer et al., 2007; Guimil and Dunand, 
2007). A preliminarily analysis on root hairs of E2Fb overexpression plants indicates that 
they posses reduced ploidy levels and a decrease in root hair length (data not shown). It 
would be interesting to know if the decrease in ploidy could be linked to the increased DEL1 
expression. Such an increase might be result to a delayed onset of the endocycle in the root 
hair cell file. 
Although we could see a reduction in DEL1 transcript levels in E2FcOE lines, we could not 
confirm this by analyzing the ProDEL1:GUS line in the E2Fc overproducing background. 
Maybe the decrease in expression is too small to visualize it quantitatively by GUS staining. 
However, the overexpression of E2Fc does lead to an increase in endoreduplication, which 
would fit with a decrease in DEL1 levels (del Pozo et al., 2002; del Pozo et al., 2006). It could 
be that the antagonistic activity of E2Fb and E2Fc on the DEL1 promoter only plays a role in 
the onset of endoreduplication, making this regulatory network specific in time and space, 
and therefore difficult to assess in vivo.  
Linking light-dependent regulation of DEL1 with hypocotyl endoreduplication 
Because E2Fb and E2Fc protein levels were demonstrated to be antagonistic regulated 
by light, we analyzed if dark/light treatment affected DEL1 expression levels. Transition 
of dark-grown seedling into light coincides with a fast stabilization and destabilization 
of E2Fb and E2Fc, respectively (del Pozo et al., 2002; Lopez-Juez et al., 2008). Using the 
ProDEL1:GUS line, it could be observed that transition to light stimulated DEL1 promoter 
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activity. Furthermore, repetitive switching between dark and light conditions resulted into a 
sequential repression and activation of the DEL1 promoter, respectively. E2Fb degradation 
during the dark is mediated by the ubiquiting E3 ligase COP1, as E2Fb protein levels are 
stabilized in the dark in cop1-4 mutant plants (Lopez-Juez et al., 2008). We could link this 
stabilization with an increase in DEL1 expression in the dark, in comparison with wild type 
plants, indicating that the light-dependent induction of DEL1 is dependent on a stabilization 
of E2Fb in the light. 
The fact that light controls DEL1 levels and that the endoreduplication program of hypocotyls 
is light dependent, raised the assumption that light could mediate endoreduplication 
in hypocotyls through DEL1. Analyzing ploidy levels of DEL1OE and del1-1 mutant plants 
grown under short and long day conditions showed that after 12 days of germination, no 
difference in endoreduplication index could be seen between short and long days grown 
hypocotyls. In contrast, in wild plant the expected response, being an increase in ploidy 
under short day conditions, could be observed. This shows that DEL1 transgenics uncouple 
light regulation and endoreduplication in the hypocotyl. Interestingly, overexpression of 
E2Fb results in shorter hypocotyls in the dark (Figure S4) (Sozzani et al., 2006). However, as 
hypocotyls length was shown not to be strictly regulated with ploidy levels (Gendreau et al., 
1998), flow cytometry should give outcome if hypocotyls of dark grown E2FbOE plants also 
show an inhibition of endoreduplication and if this further can be linked to the enhanced 
DEL1 transcript levels.
Cross regulation between classical and atypical E2Fs and its conserved role in stress 
tolerance
Here we described a transcriptional regulation link between typical and atypical E2Fs. 
Previously, an analogous interplay was observed in mammals, where the mammalian 
homologues of the DEL1 gene, being E2F7 and E2F8, are regulated by the classical E2F1 
(Di Stefano et al., 2003; Christensen et al., 2005). This indicates that the interplay between 
typical and atypical E2Fs is evolutionary conserved and maybe an important way to balance 
the regulation of different cell cycle regulated processes. Furthermore, E2F1 transcript 
levels are determined by both E2F7 and E2F8, playing an important role in the decision 
between survival or apoptosis of a DNA-damaged cell. Upon DNA damage, E2F7 and E2F8 
protein levels rise, resulting into reduced E2F1 transcription levels, which stimulates DNA 
repair (Lin et al., 2001; Stevens et al., 2003; Stevens and La Thangue, 2004). Low levels 
of E2F7 and E2F8, increases E2F1 expression, hereby enhancing the susceptibility of cells 
to DNA damage and hence promoting apoptosis (Li et al., 2008; Zalmas et al., 2008). 
Interestingly, DEL1 was shown recently to be involved in the DNA damage response, as one 
of its direct target genes encodes for the photolyase photoreactivating enzyme (PHR1). 
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PHR1 mediates the repair of cyclobutane pyrimidine dimers (CPD), which is one of the most 
specific DNA damages caused by UV-B (Britt, 1996). Concomitantly with the function of 
DEL1 as a transcriptional repressor, del1-1 and DEL1OE plants had enhanced and impaired 
DNA repair abilities after UV-B treatment (Radziejwoski et al., 2010). Additionally, DEL1 
expression levels are downregulated upon UV-B treatment. In contrast to its negative 
role in photomorphogenesis, COP1 function is necessary to promote the UV-B–specific 
photoregulatory pathway (Oravecz et al., 2006). The UV-B specific function of COP1 is 
mediated by its rapid interaction with UV RESPONSE LOCUS 8 (UVR8) upon UV-B perception 
(Favory et al., 2009). Interestingly, while endoreduplication levels in leaves of WT plants 
increase when grown under white light supplemented with UV-B, compared to plant grown 
under white light without UV-B, this increase in ploidy level is not observed in uvr8 mutant 
plants (Wargent et al., 2009). So it could be that reduction in DEL1 expression and hence 
PHR1 upregulation upon UV-B treatment is mediated through the degradation of E2Fb 
through COP1 stabilization. These observations could indicate that, besides connecting 
photomorphogenesis with cell cycle regulation, the E2Fb/E2Fc-dependent regulation of 





Plant material and growth conditions 
Plants were grown at 22°C and a 16h photoperiod (65μE m-2s-1) on agar-solidified culture 
medium (0.5x Murashige and Skoog medium, 0.5 g/L MES, 10 g/L sucrose, and 0.8% plant 
tissue culture agar). Plates were incubated at 4°C for 48 h to synchronize seed germination. 
ProDEL1:GUS, del1-1, DEL1OE, E2FcOE and cop1-4 were described before (Deng et al., 1991; 
del Pozo et al., 2002; Vlieghe et al., 2005; Lammens et al., 2008) and e2fb-1 is the SALK 
insertion line SALK_103138. Primers used for genotyping are listed in Table S1. To test light 
inducibility of DEL1 by analyzing GUS expression in ProDEL1:GUS lines, plates were exposed 
for 30 min of white light to induce germination before placing them in the dark. 3 days after 
germination plants were placed in continuous light (110 μE.m-2.s-1) and analyzed after 4h, 
24h and 48h of light treatments or were after 24h light switched between 24h dark and 24h 
light conditions. Transcript levels in cop1-4 plants were determined by growing plants for 7 
days in dark  or continuous light conditions (110 μE.m-2.s-1). Dark grown plants were again 
exposed to 30 minutes of light treatment to induce germination. For ploidy measurements 
plants were grown in either a 16h or a 8h photoperiod. 
Cloning and-generation of transgenic lines
Standard molecular biology protocols and Gateway (Invitrogen) technology were 
followed to obtain expression clones. Open reading frames (ORFs) were amplified from 
a cDNA template with Pfu DNA Polymerase (Promega) and fused to Gateway attB sites. 
For promoter isolation, genomic DNA was used as source. All primers  used for ORF and 
promoter isolation are listed in Table S2 and, pdonr221 and p4-p1r were used as ENTRY 
vectors, respectively. The structure and sequence of all used destination vectors were as 
described (Karimi et al., 2002; Karimi et al., 2007) and are accessible on line at http://www.
psb.ugent.be/gateway/ or otherwise referenced. Pro35S:E2Fb was generated by cloning 
the ORF of E2Fb is the destination vector pH2GW7. Mutating E2F-binding sites in the DEL1 
promoter was mediated by PCR based mutagenesis (Fisher et al., 1997). Briefly, p4-p1r 
ENTRY clone containing the DEL1 promoter (995 bp upstream ATG) was amplified using 
primers bearing the mutated E2F sites (see Table S2). After degradation of the methylated 
(parental) DNA with Dpn I (1h, 37°C), the mutated plasmid was transformed in E.coli and 
the presence of the mutation was confirmed by sequencing. Mutating both E2F-sites in the 
promoter was done by mutating every E2F site sequentially. ProMut2:GUS constructs were 
generated by cloning the mutated promoter in the pHGWFS7 destination vector. Transgenic 
plants were generated using the floral dip method (Clough and Bent, 1998). The e2fa e2fb 
double mutant was generated by crossing e2fb-1 with the e2fa-2 line (see Chapter 3).
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Y1H
Yeast strain YM4271 and destination vectors (pDEST-MW1 and pDEST-MW2) were obtained 
from Bart Deplancke (Deplancke et al., 2004). For the Y1H cDNA library screen, the WT 
DEL1 and mutated DEL1 promoters (each 995 bp upstream ATG) were cloned in pDEST-
MW1 and pDEST-MW2 vectors creating transcriptional fusion between the promoters and 
the HIS3 and LacZ gene, respectively. Yeast reporter strains were designed as described 
previously (Deplancke et al., 2004). All handling and transformation of yeast was performed 
as described in the Yeast protocol handbook (Clontech). The coding regions of E2Fa, E2Fb, 
E2Fc, DPA, DPb, DEL1, DEL2 and DEL3 were cloned into the pDEST22 vector, creating an in 
frame fusion between the  GAL4 activation domain and the cDNA.
Real-Time PCR
RNA was extracted with the RNeasy kit (Qiagen). Poly(dT) cDNA was prepared from 1 
μg of total RNA with Superscript III reverse transcriptase (Invitrogen) and analyzed on 
an LightCycler 480 apparatus (Roche Diagnostics) with SYBR Green I Master kit (Roche 
Diagnostics) according to the manufacturer’s instructions. All individual reactions were 
performed in triplicate. Primers used are listed in Table S3. For DEL1 expression analysis 
in E2Fb and E2Fc transgenic lines and confirmation of E2Fb transcript levels in e2fb-1 and 
E2FbOE values were normalized to the ACTIN2 (AT3G46520) housekeeping gene, UBQ10 
(AT4G05320) and PP2AA3 (AT1G13320) were used to analyze transcript levels in cop1-4 
mutant plants.
Histochemical and Histological Analysis.
GUS staining were performed as described before (Lammens et al., 2008). For microscopic 
analysis, samples were cleared by mounting in 90% lactic acid or in a chloral hydrate solution 
(25 gr chloral hydrate in 10 ml 30% glycerol). Samples were analyzed by a light microscope 
and differential interference contrast microscopy (Olympus BX51).
Chromatin immunoprecipitation 
ChIP experiment was performed as described (Bowler et al., 2004), with minor modifications. 
One gram of 8-day-old plants was harvested and immersed in 1% formaldehyde under 
vacuum for 10 min. Glycine was added to a final concentration of 0.125 M, and incubation 
continued for 5 min. After washing, the nuclei were isolated and crosslinked DNA/protein 
complexes were fragmented by sonication with a BioruptorTM Next Gen. (Diagenode), 
resulting in fragments of approximately 500 bp. After centrifugation (16 000 g), the 
supernatant was precleared with 40 µl of salmon sperm DNA/protein A agarose (Millipore). 
10 µl of the supernatant was used as input, while the remainder was divided into three 
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samples that were treated with 10 µl anti-E2Fb, 10 µl E2Fc or no antibody, respectively. 
The samples were incubated overnight. Immunoprecipitates were collected with 40 µl of 
salmon sperm DNA/protein A agarose (Millipore) and subsequently eluted from the beads. 
All centrifugation steps with bead-containing samples were done at 1000 g. Proteins were 
de-cross-linked and DNA was purified by phenol/chloroform/isoamyl alcohol extraction and 
ethanol precipitation. Pellets were resuspended in 40 µl of Tris-EDTA buffer (0.05 M Tris-HCl 
and 0.02 M EDTA [pH 8]). The concentration of DNA purified by ChIP was measured with the 
Quant-iT ds-DNA Assay Kit HS (Invitrogen) and each sample was diluted for the quantitative 
PCR at the same starting concentration. SYBR Green I Master kit (Roche Diagnostics) was 
used for all the qPCRs with ACTIN2 as negative controls. The approach used to analyze the 
qPCR data was %INPUT, values calculated by 100*2(Ct(Input) - Ct (IP)). Primers are listed in 
Table S3.
Flow cytometer
Hypocotyls of 12 and 21 day old plants were harvested, frozen in liquid nitrogen and then 
kept at -70°C. Plant material was chopped in 200 μl of Cystain UV Precise P Nuclei extraction 
buffer (Partec, Münster, Germany), supplemented with 800 μl of staining buffer. The mix 
was filtered through a 50-μm green filter and read through the Cyflow MB flow cytometer 
(Partec). The nuclei were analysed with the CyFlow flow cytometer and the FloMax software 
(Partec, Münster, Germany).
Transient expression assays
Transient expression assays were performed as described previously (De Sutter et al., 
2005). Briefly, protoplasts were prepared from a Bright Yellow-2 tobacco cell culture and 
co-transfected with a reporter plasmid containing the firefly Luciferase (fLUC) reporter gene 
driven by ProDEL1, ProDEL1-Mut1, ProDEL1-Mut2 or ProDEL1-Mut1/2, a normalization 
construct expressing renilla Luciferase (rLUC) under control of the 35S promoter and 
effector constructs. For the fLUC reporter constructs, the pEN-L4-PROMOTER-R1 vector, also 
used for cloning Y1H vectors, was together with pEN-L1-fLUC-L2 recombined by multisite 
Gateway LR cloning with pm42GW7 (PROMOTER representing ProDEL1, ProDEL1-Mut1, 
ProDEL1Mut2 or ProDEL1Mut1/2) (Karimi et al., 2007). For the effector constructs, pEN-L1-
ORF-R2 (ORFs representing E2Fb or E2Fc) were used to introduced the ORFs by Gateway LR 
cloning into p2GW7. For each experiment, 2 μg of each plasmid was used and the. p2GW7-
GUS mock effector plasmid was used to equalize total effector amount in each experiment. 
After transfection, protoplasts were incubated overnight and then lysed. fLUC and rLUC 
activities were determined with the Dual-Luciferase reporter assay system (Promega). 
Variations in transfection efficiency and technical error were corrected by normalization of 
fLUC by rLUC activities. 
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Protein gel blotting
Proteins were extracted from 8 day old plants. Samples were collected, ground in liquid 
nitrogen and homogenized in cold homogenization buffer HB (25 mM Tris-HCl (pH 8), 5 mM 
EDTA, 1 mM β-mercaptoethanol, 15 mM MgCl2, 85 mM NaCl, 0.1% Tween 20, and 1 protease 
inhibitor tablet/50 ml Complete (Roche Diagnostics). The homogenate was centrifuged 
twice 15 min. 13000 rpm at 4°C. Protein concentrations were determined by the Bradford 
assay (Bio-Rad Protein Assay, Bio-Rad). Equal amounts of protein extracts were loaded and 
subsequent protein gel blotting was carried out according to standard procedures with 
primary antibody E2Fb at a dilution of 1:500 and a anti-rabbit (GE-Healthcare) diluted 
1/10,000 as a secondary antibody. Proteins were detected using the Western LightningTM 
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Supplemental data
Figure S1: Molecular characterization of e2fb-1. a, Graphical representation of the T-DNA insertion 
in the E2Fb gene. b, Relative expression levels of E2Fb in the insertion line, as determined by 
quantitative RT-PCR. Data represent mean ± s.d. (n = 3). c, Western gel-blot analysis of e2fb-1 line 
using a E2Fb antibody. 
Figure S2: Confirmation of E2FbOE lines by RT-PCR and western blot analysis. a, Relative expression 
levels of E2Fb in the E2FbOE line, as determined by quantitative RT-PCR. Data represent mean ± s.d. 

























































Figure S3: e2fa e2fb mutant plants show enhanced ploidy levels in 21d old first leaves compared 
to Col-0. Data represent mean ± s.d. (n=3, *P ≤ 0.05, **P ≤ 0.01; two-sided t-test).
Figure S4: Dark grown E2FbOE plants show a reduced hypocotyl length compared to Col-0 plants. 
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RP were used with T-DNA border primer to amplify T-DNA insert
Table S2: List of primers used for cloning
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Conclusions and Future perspectives
Yeast one-hybrid: a tool to identify new transcriptional regulators
The research results presented in this thesis are based on the identification of protein-DNA 
interactions by a yeast one-hybrid (Y1H) approach (Chapter 2). A selection of promoters of 
genes involved in cell cycle regulation in Arabidopsis thaliana was systematically investigated 
for potential interactors by a Y1H cDNA library screening (Chapter 2). The advantages of 
the Y1H technique include its easy performance and that no pre-knowledge is necessary 
about possible regulators. We could identify a number of candidate transcription factors 
for the majority of the tested promoters and confirmed independently that they affected 
the target promoter activity for some of them. Additionally, for one candidate an effect 
on the DNA ploidy level was observed upon its overexpression. Several of the different 
identified transcription factors belong to large plant families, making studies of T-DNA 
insertion lines not always valuable, because of possible gene redundancy. However, for 
most of them we could not detect any visible phenotypes or ploidy defects upon their 
overexpression. Nevertheless, in Chapter 3 we link one of these identified transcription 
factors with cell cycle activation, specifically upon lateral root initiation. It could indicate 
that maybe also the other interactors are not general regulators, but rather restricted to 
certain tissues or dependent on intrinsic and/or extrinsic factors. More detailed analysis 
about their expression pattern could give us indication about the approaches that should 
be taken next to determine their involvement in cell cycle gene regulation.
The amount of identified transcriptional regulators for each promoter was relatively low and 
moreover, our screening was not saturated, as we could not identify previously reported 
transcription factor-promoter interactions. To our opinion the main bottleneck in the 
screening is the nature of the used cDNA library, which was designed from Arabidopsis cell 
suspension cultures. It was shown that around 80% of the annotated genes are transcribed 
in cell suspensions and so a large amount of DNA binding proteins should be present in the 
library (Menges et al., 2003; Yamada et al., 2003). However, the complexity of this library 
could result in low abundance of transcription factors in the cDNA library. To identify low 
abundant transcription factors with such a library it would require the screening of a large 
amount of colonies, which is an elaborated work. 
Recently several research groups designed cDNA libraries only containing Arabidopsis 
thaliana transcription factors. In collaboration with Richard Immink (Wageningen 
University), a project was set up to screen our available yeast promoter reporter strains 
with a transcription factor specific library. Preliminary results show that a bigger variety in 
interactors, under which several transcription factors linked before with cell cycle regulation, 
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could be detected. The outcome of this screening will certainly offers a considerable amount 
of new transcriptional cell cycle links. 
Lateral root initiation: The importance of correct cell cycle regulation 
Through Y1H screening we identified the interaction of LBD18 to the E2Fa promoter 
(Chapter 3). Transactivation studies made clear that LBD18 on itself probably contains no 
transcriptional potential and that additional factors are needed to control E2Fa promoter 
activity. Using TAP technology we could identify LBD33 as a possible mediator for this. Earlier 
studies led to the discovery of the molecular pathway involved in auxin mediated lateral 
root initiation. In the well-known auxin-dependent SLR/ARF7/ARF19 signaling pathway, LBD 
proteins were until now the most downstream components identified (Figure 1). Several 
LBD genes (LBD16, LBD17, LBD18, LBD29 and LBD33) show a SLR/ARF7/ARF19-dependent 
auxin inducibility upon lateral root initiation, however no knowledge exists about their 
downstream targets.
With our work we show that these LBD proteins probably provide a direct link between auxin 
signaling and cell cycle activation upon lateral root initiation. The incomplete inhibition of 
primordia formation in E2Fa mutants indicates that plants most probably evolved different 
pathways connecting auxin with cell cycle regulators. Several core cell cycle genes are 
indeed upregulated upon auxin-mediated lateral root initiation (Himanen et al., 2002). 
Overexpression of cell cycle boosters, like E2Fa and CYCD3;1, however, does not lead to 
increased lateral root formation due to the lack of lateral root priming factors (De Smet et 
al., 2010). Further research should therefore be focused on studying mutant phenotypes, 
rather then gain-of-function plants. Combining different mutants could be a way to isolate 
the different input pathways that are used by auxin to induce cell cycle activation. 
Lateral root phenotypes were obtained upon the overexpression of cell cycle inhibitors like 
E2Fc and KRP2, leading to a decrease in the amount of primordia (Himanen et al., 2002; del 
Pozo et al., 2006). Interestingly, a recent study showed that degradation of E2Fc involves 
the direct interaction of auxin with SKP2A, an F-box component of the SCF ubiquitin ligase 
complex (Figure 1) (Jurado et al., 2010). KRP2 protein degradation is also stimulated upon 
lateral root initiation, leading to the release of its repression on CYCD2;1 (Figure 1). However, 
possibly other E3 ubiquitin ligase complexes are responsible for this, as no stabilization of 
KRP2 protein levels can be seen in skp2a skp2b mutant plants (Marrocco et al., 2010; Sanz 
et al., 2011). A possible candidate could be the SCF-type E3 ligase, SCFFBL17 (Figure 1), shown 
recently to control KRP degradation during male gametogenesis (Kim et al., 2008; Gusti et 
al., 2009). Interestingly, FLB17 is highly upregulated in E2FaOE/DPaOE plants. Moreover the 
presence of an E2F cis-acting element in its promoter marks FLB17 as a very likely potential 
E2Fa target gene (Figure 1) (Gusti et al., 2009). 
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Figure 1: Current and working model for cell cycle activation upon auxin mediated lateral initiation. 
Boxes indicate research questions that still need to be addressed. 
LBD proteins: Connecting developmental programs with cell cycle regulation
The different LBD family members exhibit a wide variety in expression patterns, probably 
reflecting their involvement in regulating different processes (Shuai et al., 2002). Indeed, 
overexpression of LBD genes often leads to severe phenotypes, probably due to a variety of 
pleiotropic effects (Matsumura et al., 2009; Majer and Hochholdinger, 2010). Interestingly, 
different of these phenotypes caused by LBD misexpression are related to cell division 
and auxin signaling defects. However, in all these cases it is not exactly known how the 
phenotypes arise. Our work indicates for the first time a direct in vivo link between LBD 
protein abundance and cell cycle regulation (Chapter 3). Our results also indicate that this 
regulation probably occurs through cooperation between different LBD proteins. We could 
observe that different LBD interactions can occur, although at this moment it is not possible 
to predict the complexity of these interactions. It will have to be determined if the different 
complexes exert redundant functions or that all of them exhibit a unique function during 
lateral root development. As single and double mutants in LBDs still can form lateral roots, it 
points to the existence of functional redundancy. Double mutants had an additive effect on 
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generating triple mutants to analyze if an additive lateral root phenotype can be observed. 
It is reported that LBDs often work in cooperation with members of other transcription 
factor families. This fact should also be taken into account in further attempts to unravel the 
link between LBDs and cell cycle activation upon lateral root initiation. 
Our results further raise the question whether LBD family members are direct cell cycle 
regulators in general in different auxin regulated developmental programs. The upregulation 
of CYCD3;1 and CYCD3;2 upon induced overexpression of JLO (LBD30) reinforces this 
hypothesis (Borghi et al., 2007). Approaches are currently taken to analyze if also JLO can 
directly induce cell cycle gene expression. Interestingly, jlo mutants exhibit a reduced 
complexity in cotyledon venation, similarly as observed in E2Fa mutants (Bureau et al., 
2010). Also LBD18 could be involved in this as it is expressed in leaf veins, although previous 
reports indicate rather a function of LBD18 in tracheary element differentiation (Soyano 
et al., 2008). Nevertheless, in case that LBD18 is one of the upstream mediators, it will 
require other complexes than those that we could observe upon lateral root initiation as 
LBD33, LBD29 and LBD16 have a root specific expression pattern (Shuai et al., 2002). As LBD 
proteins are plant-specific transcription factors it would be worthwhile to investigate if they 
evolved in plants to connect the highly conserved cell cycle machinery with plant specific 
developmental signaling pathways. 
E2Fs: Connecting light signals with cell cycle regulation
In Chapter 4 we postulate that DEL1 transcript levels are dependent on the light-regulated 
balance between E2Fb and E2Fc proteins levels. We could strengthen this hypothesis by the 
observed induction of DEL1 transcript levels in dark grown cop1-4 mutant plants, which show 
a stabilization of the E2Fb protein (Lopez-Juez et al., 2008). Degradation of E2Fb by COP1 in 
the dark could be compared with the COP1-mediated degradation of several positive light 
transcription factors of which HY5 is best known (Ang et al., 1998; Osterlund et al., 2000b; 
Osterlund et al., 2000a). However, next to COP1, the CDD (consisting of COP10, DET1, and 
DDB1) complex and the Constitutively Photomorphogenic 9 (COP9) signalosome (CSN) are 
also involved in the ubiquitin mediated degradation of positive light signal molecules and 
mutants in these complexes exhibit photomorphogenic development in darkness as well 
(Wei et al., 1994; Wei and Deng, 1999; Serino and Deng, 2003; Yanagawa et al., 2004). 
As interaction is observed between the different complexes, and proper function of every 
complex requires the activity of the others, it is clear that a tight connection between these 
three complexes occurs in order to repress the photomorphogenic response (Chamovitz et 
al., 1996; vonArnim et al., 1997; Suzuki et al., 2002; Yanagawa et al., 2004). Several mutants 
in components of these complexes also show E2Fb stabilization and/or E2Fc destabilization 
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in the dark (Lopez-Juez et al., 2008), reinforcing the hypothesis that light affects the cell 
cycle through the antagonistic regulation of E2Fb and E2Fc protein levels. E2Fc degradation 
was shown to be direct regulated by the SCFSKP2A E3 ubiqutin ligase complex (Figure 2) (del 
Pozo et al., 2002). However the interaction between SKP2A and E2Fc in response to light 
could be a secondary effect, as it was shown recently that the binding of SKP2A to auxin is 
necessary to promote the degradation of E2Fc (Jurado et al., 2010), indicating that SCFSKP2A-
dependent degradation of E2Fc is rather dependent on auxin signalization. 
One of the main goals will be to determine which light signaling complex regulates the 
stability of E2Fb and/or E2Fc directly (Figure 2). A first survey in the protein sequence of 
E2Fb didn’t reveal the presence of a COP1 interacting motif that was described for HY5 and 
HYH. However, it cannot be excluded that other interacting motifs could mediate COP1 
binding.
Phytochrome-mediated endocycle inhibition in hypocotyls: A function for DEL1? 
Light-mediated repression of endocycles in hypocotyls is an integrated part of the 
photomorphogenic process regulated by phytochromes (Gendreau et al., 1998). Our work 
indicates how these two processes could be coupled on the regulatory level. Although it 
is clear from our results that the light-dependent endoreduplication level of hypocotyls 
is dependent on DEL1, we have at the moment no phenotypic data that proves the 
importance of E2Fb and E2Fc in this process. Most of the previous studies determining 
ploidy levels in E2Fb and E2Fc transgenic plants were done on the whole plant level or 
focused on the leaf. We could not see an effect of E2Fb and E2Fc on short day or long day 
grown hypocotyls. However this is maybe not the ideal approach. Changing the length of 
dark conditions could have an effect on the timing of DEL1 expression and hence on the 
onset of endoreduplication, but this effect could be masked under our tested conditions. 
At first we still have light/dark cycles so E2Fb and E2Fc are still regulated on the protein 
level, diminishing the effect of overexpression, secondly our analysis occurred on 12 day 
old plants, which could be to old to observe an effect on ploidy levels and finally, their 
functional dimerization partner could be lacking. Therefore, a reanalysis of ploidy levels 
should occur, with a focus on hypocotyls, under continuous light and dark conditions and in 
the presence or absence of their potential dimerization partner. 
Arabidopsis contains in total 5 phytochromes, PHYA to PHYE, each with unique and 
overlapping functions (Quail, 2002). PHYA and PHYB were shown to be able to inhibit 
hypocotyl endoreduplication in response to light (Gendreau et al., 1998). If we want to 
place DEL1 as the mediator of light-inhibited endoreduplication, we should be able to 
place DEL1 downstream of the PHYA and/or PHYB signaling cascade. Phytochromes are 
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sensitive to the red and far-red region of the visible spectrum, while other photoreceptors 
are responsible for the perception of other wavelengths of light (Fankhauser, 2001; Chen et 
al., 2004). Due to this redundancy, phyA and phyB mutant phenotypes are masked under 
white light conditions. It will be necessary to analyze the effect of E2Fb, E2Fc and DEL1 
misexpression on hypocotyl ploidy levels in red and far red light and to determine the effect 
of phyA and phyB mutants on DEL1 transcript levels and E2Fb and E2Fc protein levels under 
these light conditions. 
Figure 2: Current and working model for light dependent endocycle regulation. Boxes 
indicates research questions that still need to be addressed. 
In this thesis we were able to connect the conserved E2F transcription factor family with 
plant-specific developmental and environmental signaling pathways. It becomes clear that 
the different E2F family members exhibit specific functions that are dependent on the 
tissue as well as on specific conditions. In regard to the comparison with their mammalian 
counterparts, the main challenge in the future will be to unravel the diversity and flexibility 
of the different E2F transcription factors. The availability of genome wide transcription 
factor binding tools such as ChIP-SEQ will enable us to discriminate between their specific 
targets. However, as several will be dependent on specific conditions, it has to thought well 
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During the last decade, genomic and genetic approaches led to the discovery of the plant core 
cell cycle machinery (Vandepoele et al., 2002; Menges et al., 2005; Inze and De Veylder, 2006; 
De Veylder et al., 2007). Remarkably, this basic mechanism appears to be very conserved, 
being very similar to that of other organisms, including mammals. Nevertheless, the cells 
of higher organisms exhibit an incredible number of genetic responses to environmental 
changes and developmental programs. As both plants and animals have different ways and 
abilities to react to these signals, it implies that they must have evolved specific regulatory 
pathways. Differential gene expression, mediated by transcription factors, is one way how 
developmental and environmental cell specification can be achieved (Scott, 2000; Benfey 
and Weigel, 2001). Entire developmental programs can be changed by transcription factors, 
as can be seen in both animals and plants (Humbert et al., 2004; Ramirez-Parra et al., 
2005). However, although a tight connection between cell cycle and environmental and 
developmental signals is obvious, the amount of known transcription factors providing a 
direct link in plants is limited (Chapter 1). The major aim of this thesis is to identify novel 
transcriptional regulatory mechanism that could provide these links. 
Throughout the thesis we used the yeast one-hybrid (Y1H) approach to address our 
biological question. The research was initiated by screening several cell cycle-related 
promoters on potential interacting proteins (Chapter 2). Using Y1H, we could identify new 
putative cell cycle regulators, of which some could be confirmed by additional techniques. 
It shows that Y1H is an interesting tool to identify novel transcriptional regulators, without 
any pre-knowledge of the nature of these interactors. 
One of the interactors identified (LBD18) pointed to a role for the E2Fa transcription factor 
in lateral root development, which was confirmed by an observed reduction in lateral root 
primordia in E2Fa mutant plants and the dependence of the auxin mediated transcriptional 
induction of E2Fa by the SLR/ARF7/ARF19 pathway (Chapter 3). Combined with its previous 
described role in lateral root initiation, the identification of LBD18 protein by the Y1H screen 
suggested that LBD18 could work as a transcriptional regulator of the E2Fa gene. However, 
LBD18 appeared to operate as a poor transcriptional activator. We could show that this is 
compensated through its interaction with LBD33 and probably additional LBD proteins, of 
which several exhibit a SLR/ARF7/ARF19-dependent induction upon auxin-controlled lateral 
root initiation. Furthermore, our study showed that overexpression of LBD18 enhanced 
the cell division capacity of pericycle cells, which could be visualized by hyperproliferation 
of the pericycle cells upon auxin treatment. Additionally, the lateral root phenotype in 
LBD18 mutant plants could be rescued by the introduction of the E2Fa coding sequence 
under the control of the LBD18 promoter. These results indicated that downstream of ARF7 
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and ARF19, LBD proteins directly connect auxin-mediated lateral root initiation through 
the transcriptional induction of E2Fa. Additionally, E2FaKO plants have a reduced vascular 
complexity, which similar can be observed in several auxin signaling and LBD mutants. This 
indicates that the LBD mediated link between auxin and cell cycle could be working as well 
in other auxin regulated developmental processes.
In plants, lowering DEL1 transcript levels is necessary to start the endoreduplication process. 
With our work we propose that this occurs through a balance in E2Fb and E2Fc protein 
levels (Chapter 4). As both E2Fb and E2Fc protein levels are antagonistically regulated in 
response to light, we hypothesize that the regulatory link between E2Fb/E2Fc and DEL1 
is important in the environmental control of light on endoreduplication. We could show 
that this is at least in part mediated by DEL1 transcript levels, as DEL1 transgenic plants 
could uncouple the link between light and hypocotyl endoreduplication. Furthermore, 
the decrease in endoreduplication levels in dark-grown hypocotyls of the constitutive 
light response mutant cop1-4 is associated with stabilization in E2Fb protein levels and an 
increase in DEL1 transcript levels. This indicates that the phytochrome mediated inhibition 
of hypocotyl endoreduplication occurs through E2Fb/E2Fc-dependent regulation of DEL1, 
however further experiments will be needed to strengthen this hypothesis (Chapter 5).
In summary our work describes the identification of novel transcriptional links connecting 
cell cycle progression with developmental and environmental signals. We provide a first 
regulatory link connecting endocycle regulation with the photomorphogenic response. 
Next to this we propose that LBD proteins could be evolved by the plant to connect auxin 
signaling with cell cycle activation in order to control plant architecture. Finally, the new 
transcriptional cell cycle gene regulators identified by Y1H provide a basis for new projects 





Tijdens het laatste decennium hebben genomische en genetische technieken geleid tot de 
ontdekking van de celcyclus werking (Vandepoele et al., 2002; Menges et al., 2005; Inze and 
De Veylder, 2006; De Veylder et al., 2007). Opmerkelijk is de conservatie van dit essentieel 
mechanisme, dat kan worden teruggevonden in vele andere organismen, waaronder 
ook zoogdieren. De cellen van hogere organismen vertonen een ongelooflijke diversiteit 
van genetische reacties op veranderingen in omgevings- en ontwikkelingsafhankelijke 
programma's. Aangezien zowel planten als dieren op verschillende manieren reageren 
op deze signalen, impliceert dit dat zij specifieke regulatiemechanismen hiervoor hebben 
ontwikkeld. Differentiële genexpressie, to stand gebracht door transcriptiefactoren, is 
een van de manieren waarop de ontwikkeling en celspecificatie kan worden bereikt 
(Scott, 2000; Benfey and Weigel, 2001). Gehele ontwikkelingsprogramma's kunnen 
worden gewijzigd door transcriptiefactoren, zoals te zien is bij zowel dieren als planten 
(Humbert et al., 2004; Ramirez-Parra et al., 2005). Hoewel een hechte connectie tussen 
de celcyclus en de omgevings- en ontwikkelingssignalen voor de hand ligt, is het aantal 
gekende transcriptiefactoren die een directe link verzorgen beperkt in planten (Hoofdstuk 
1). Het doel van dit proefschrift is om nieuwe transcriptioneel regulerende mechanismen te 
identificeren die betrokken zijn in deze links.
Tijdens het proefschrift is er gebruik gemaakt van de “yeast one-hybrid” (Y1H) methode 
om onze doelstelling te bereiken. Het onderzoek werd gestart door het screenen van een 
aantal celcyclus  gerelateerde promotors voor de identificatie van mogelijke interactie 
kandidaten (Hoofdstuk 2). Met behulp van Y1H konden we verscheidene nieuwe potentiële 
celcyclusregulatoren ontdekken, waarvan sommige konden worden bevestigd door middel 
van onafhankelijke technieken. Het toont aan dat Y1H een interessant instrument is om 
nieuwe transcriptionele regulatoren te identificeren, zonder dat enige voorkennis van de 
aard van deze interactoren vereist is. Meer gedetailleerde analyse zal nodig zijn om de 
exacte rol van deze geïdentificeerde interactoren te ontdekken.
De geconstateerde reductie in zijwortel initiatie in E2Fa mutanten en de afhankelijkheid 
van de auxine gemedieerde transcriptionele inductie van E2Fa van de SLR/ARF7/ARF19 
pathway, wijst op de betrokkenheid van E2Fa in zijwortel initiatie (Hoofdstuk 3). Via Y1H 
konden we LBD18, eerder al gekoppeld aan zijwortel ontwikkeling, identificeren als regulator 
van E2Fa transcriptie. Hoewel LBD18 lijkt te opereren als een slechte transcriptionele 
activator, konden we aantonen dat dit gecompenseerd kon worden door de interactie met 
LBD33 en waarschijnlijk met andere LBD proteïnen, die eveneens een SLR/ARF7/ARF19 
afhankelijke inductie vertonen bij auxine gemedieerde zijwortel ontwikkeling. Onze studie 
toont verder aan dat overexpressie van LBD18 de celdelingcapaciteit van pericycluscellen 
180
Chapter 6
verhoogt, wat gevisualiseerd kon worden door de hyperproliferatie van de pericycluscellen 
na auxine behandeling. Bovendien kon het zijwortel fenotype in LBD18 mutanten worden 
gecomplementeerd door de introductie van de E2Fa coderende sequentie onder de 
controle van de LBD18 promotor. Deze resultaten geven aan dat stroomafwaarts van ARF7 
en ARF19, LBD proteïnen een direct link vormen tussen auxine geïnduceerde zijwortel 
ontwikkeling in de pericycluscellen en celcyclus activatie. Additioneel hebben E2FaKO planten 
een gereduceerde vasculaire complexiteit, wat eveneens kan worden waargenomen in 
verschillende auxine signalisatie en LBD mutanten. Dit toont aan dat de LBD gemedieerde 
connectie tussen auxine en celcyclus ook zou kunnen werken in andere auxine gereguleerde 
ontwikkelingsprocessen.
De reductie van DEL1 transcriptniveaus in planten is nodig voor de initiatie van het 
endoreduplicatie proces. Ons werk veronderstelt dat dit gebeurt door middel van een 
evenwicht tussen E2Fb en E2Fc proteïneniveaus (Hoofdstuk 4). Aangezien zowel E2Fb als 
E2Fc proteïneniveaus antagonistisch gereguleerd worden in reactie op licht, nemen we 
aan dat de regulerende link tussen E2Fb/E2Fc en DEL1 betrokken is in de controle van 
licht op endoreduplicatie. We konden aantonen dat dit ten minste gedeeltelijk bepaald 
wordt door DEL1 transcriptniveaus, omdat een ontkoppeling tussen licht en hypocotyl 
endoreduplicatie kon worden waargenomen in DEL1 transgene planten. Bovendien is de 
daling in endoreduplicatieniveaus van in donker gegroeide hypocotylen van de constitutieve 
licht reactie mutant cop1-4, geassocieerd met een stabilisatie van E2Fb proteïne en een 
stijging van DEL1 transcriptniveaus. Dit betekent dat de phytochroom gemedieerde inhibitie 
van hypocotyl endoreduplicatie gebeurt via een E2Fb/E2Fc afhankelijke regulatie van 
DEL1. Niettemin zullen verdere experimenten nodig zijn om deze hypothese te versterken 
(Hoofdstuk 5).
In het kort beschrijft ons werk de identificatie van nieuwe transcriptionele connecties 
tussen celcyclus regulatie en ontwikkelings- en omgevingssignalen. Wij tonen een eerste 
directe connectie aan tussen endocycle regulatie en de photomorfogenese respons 
in hypocotylen. Naast dit onderbouwen we dat LBD proteïnen specifiek door de plant 
ontwikkeld zijn om auxine signalisatie te koppelen aan de activering van de celcyclus in de 
controle van plantmorfogenese. Ten slotte bieden de nieuwe transcriptionele regulatoren 
geïdentificeerd door Y1H een basis voor nieuwe projecten om de biologische relevantie te 




Benfey, P.N., and Weigel, D. (2001). Transcriptional networks controlling plant development. Plant Physiol 
125, 109-111.
De Veylder, L., Beeckman, T., and Inze, D. (2007). The ins and outs of the plant cell cycle. Nat Rev Mol Cell 
Biol 8, 655-665.
Humbert, P.O., Brumby, A.M., Quinn, L.M., and Richardson, H.E. (2004). New tricks for old dogs: unexpected 
roles for cell cycle regulators revealed using animal models. Curr Opin Cell Biol 16, 614-622.
Inze, D., and De Veylder, L. (2006). Cell cycle regulation in plant development. Annu Rev Genet 40, 77-105.
Menges, M., de Jager, S.M., Gruissem, W., and Murray, J.A. (2005). Global analysis of the core cell cycle 
regulators of Arabidopsis identifies novel genes, reveals multiple and highly specific profiles of 
expression and provides a coherent model for plant cell cycle control. Plant J 41, 546-566.
Ramirez-Parra, E., Desvoyes, B., and Gutierrez, C. (2005). Balance between cell division and differentiation 
during plant development. Int J Dev Biol 49, 467-477.
Scott, M.P. (2000). Development: the natural history of genes. Cell 100, 27-40.
Vandepoele, K., Raes, J., De Veylder, L., Rouze, P., Rombauts, S., and Inze, D. (2002). Genome-wide analysis 










I should have started this earlier. Because after all these months of struggling writing the 
thesis, this part seems to be the most difficult one. Even more as this will be the most read 
pages of the whole book. During my PhD there were so many people that on some way 
affected the path that I went through. Most probably I will forget some, and if this is the 
case, I do apologize and can only say thank you and take another drink to make it up. 
However I do want to thank some people more profound as they made a major contribution 
to the whole story and without them it would have never worked. As first I would like 
to thank my promoter Prof. Dr. Lieven De Veylder for allowing me to start my PhD in his 
research group. You were always available for advice and gave me the necessary chances 
to grow as a researcher. I also would like to thank Prof. Dr. Dirk Inzé as my former promoter 
and introducing me to Lieven when I was searching for a group to start my PhD.
When I am writing this, I realize that it is ten years ago that I started university. I came 
alone out of the far Vlaams-Brabant and was immediately confronted with the fact that not 
everybody had the same talent of speaking our mother tongue properly. Struggled in the 
beginning with finding the words between all those weird sounds and finally after 10 years 
I start to manage, however sometimes…..I would like to thank all the people that made 
me feel at home in Gent from the first moment on. Especially the hardcore bioloogjes, 
that after all these years we still have a tight band with each other. Tine, Samira, Nathalie, 
Veerle, Kathleen, Anneleen, Celine, Ann-Sofie, Edouard, Alexander, Joeri, Tim, Simon, 
Mostafa, Wouter, Brecht, Peter, I want to thank you all for the nice moments we had 
and hope they will last forever. We shared studying, parties, cantussen, a huge amount of 
Sjakosj evenings, with the lovely owners Carine and Stef, shifted afterwards to De Hemel, 
card evenings (either combined with Koekoek) and so many other things. Merci voor al 
de leute en gezever. Celine, Wouter, Brecht and Peter I additionally want to thank you 
for the big support that you gave me during the final year of my thesis. It was tuff, but as 
going through the same story you could support and understand me no better. Thanks for 
offering relaxing evenings (with magnificent chef-kok Brecht), the crazy Ardennen weekend 
and citytrip (which we have to repeat for sure Celine). I look forward to other region and 
city explorations combined with all the local good stuff.
During all those years a fixed relaxation moment was the weekly Saturday morning that I 
spent in the drawing class. I would like to thank Ilse Geens to guide me through those years 
in improving my drawing skills and allowing me to do at least sometimes my own thing. You 
have no idea how important this was as an anti-stress moment. Also I would like to thank 




Eva, although it was not always easy to make appointments in our busy schedule, I do 
appreciate all the nice moments we had together. Thanks for the improvised citytrips, 
restaurant explorations and the culture highlights. 
Tim, thanks for being my guide during the start of my PhD. Bothering you with many 
questions was never a problem. But also my special thanks for being a good friend and for 
helping me in gaining back my self confidence in difficult moments. 
Bert, merci for all the help you offered me when my project was heading for the roots. But 
also for the great moments that we had. You and Karen were wonderful friends, neighbors, 
cooks (with the amazing moelleux)….and I did keep my promise about our dress code 
agreement. And also the next time that I will visit you in Holland, I will not forget to bring 
another potteke americain préparé. 
Mauricio, Jefri, Tim, Sinta, Amandine, Pooneh, Dalong, Naoki, Michiko, Caterina, Kristof, 
Aurine, Katrien, Els, Kobe, Toon, Sara, Véronique, Hilde, Lieven, Lieven, Sandy, Jonas, 
Joris, Shannah, Evelyne, Kevin, as former or current cell cycle members I want to thank you 
for all the assistance and fun you gave me during my stay in the lab.
There were also many people in the lab that made it fun going to work and were always 
available for a nice chat, most often far from related to scientific topics. Long, Nathalie, 
Niloufer, Joanna, Anas, Jana, Litsa, Elisabeth, Boris, Michiel, Frederik, Stijn, Katrien, 
Camilla, Leen, Alexander, Mara (the Belgian version), Aurine, Katrien, Simone, Robin, 
Kirsten, Sylvester, Nino, Andrzej, Miguel, Per, Gert, Dominque, Marlies, Inge and many, 
many more….thanks for all the nice moments inside and/or outside the lab. Also thanks to 
Nancy, Nico, Blancheke, Carine, Dirk, Jacky, Kristof, Martine, Raf, Hendrik, Jacques, An, 
Hilde, Bernard, Diane, Christine and Nathalie for all technical and administrative help.
This PhD would have no value at all without the presence of some people that became very 
precious to me during those years. Tarik, Dalong, Sinta, Pooneh, Aleksandra, Amandine 
thanks for all your cuckooness, szaleństwo,  نونج,  瘋狂, folie, یگناوید, motivation and 
bringing the good atmosphere. Dora, often hidden in lunch between the rough words of 
our macho guys. But sharp and bright are your remarks and maybe they were the best of 
the whole day. Thanks and keep on baking cookies. Mandy, Mega Mindy, you just arrived 
here, however we already shared some great moments, which will be continued for sure. 
Jefri, as no one else in the lab, you could be so easily on the same wavelength as I was. 
Words were often unnecessary to understand what the one or the other was thinking. 
Thanks for sharing my joy, complaints, nagging and the drinks either to support our mood 
or to bring it in a better state.
My South American friends, Mauricio, Lorena and Wilson, maybe one day I will be able to 
say which is the most beautiful country in South America, Colombia or Chili. But I will never 
187
Acknowledgements
be able to say who is the best in expressing warm words and affection to their friends. 
Wilson, I am not going to thank you for your sequences, like everybody else does, but I 
want to thank you for your friendship, your energy and enthusiasm that you could always 
bring on, it is nothing compared to that of a 25 years old one. Lorena and Mauricio, my 
dear Col-0’s, it is almost impossible to express my gratitude of having you both around me. 
You pulled me back at the moment I was falling and were always concerned for my well 
being. I cherish every moment that we spent together and I am looking forward in once 
meeting the cocoloco guy and the Colombian donkeys. Ah and…Lorena, I forgive you for 
continuously photoshopping the pictures that you brought from Colombia.
Mara, I was always surprised how easily you could unravel the knots in my brain. I loved 
our beer tasting escapades and for sure we still have a lot of work to do in this. During this 
last year you were an enormous support in the difficult time that I went through. Struggling 
with health or PhD issues, you were always there to say the words or do the things to cheer 
me up, putting me back on the ground and helping me going forward again. I thank you 
and your family for the warm welcome, shelter and food in the lovely Greece, which are 
unforgettable. I do look forward to my next Greece visit and not to forget…a happy, happy, 
happy birthday. Enjoy the day as much as I will do. 
Dear friends, straight from my heart, I will never forget you all and I hope that, after the 
PhD adventure, we will have plenty of opportunities to share each other presence. And no 
matter where you are, I will always be there for you. 
As last I would like to thank Katia, Jozefien, mama and papa for all the support, everything 
that was and for all the rest that still has to come. Without your continuous support I would 
never have been where I am now standing. 
Thanks to everybody for making this period one to which I will look back with joy. And 
maybe in near future I will see you back avec du pain, du vin et du boursin…..













	Address: Steijenhoflaan 64, 3130 Betekom, Belgium
	Birth date: June 15, 1983
	Phone: +32 (0) 485411391
	E-mail: barbara.berckmans@gmail.com
	Nationality: Belgian
	Languages: Dutch (native); English (fluent); French (good)
Education
	2005-2011: PhD fellowship at Ghent University 
Subject: Identification of transcription factors coupling the cell cycle with 
developmental and environmental signals.  
Promoter Prof. Dr. Lieven De Veylder (PSB, VIB-UGent) 
	2001-2005: Master in Biotechnology, Ghent University (great distinction)
Undergraduate thesis subject: Study of the regulation mechanism involved in 
nicotine alkaloid biosynthesis  in BY-2 cells.  
Promoter: Prof. Dr. Dirk Inzé; Co-promoter: Dr. Alain Goossens (PSB, VIB-UGent)
Grants
	AGRON-OMICS project (Comprehensive identification of transcription factors 
binding regulatory sequences of core cell cycle genes driving growth); 01.01.2011 – 
31.03.2011 (PSB, VIB)
	PhD fellowship of the University of Ghent (B/10830/02 – FWO-proj. 3G002210); 
01.01.2010 – 31.12.2010; Promoter Prof. Dr. Lieven De Veylder (PSB, VIB-UGent)
	PhD fellowship from IWT (Agentschap voor Innovatie door Wetenschap en 
Technologie), Flemish Government (IWT-SB/51064/Berckmans); Title project: 
Identification of transcription factors coupling the cell cycle with developmental and 




	Microscopy Training workshop (DMBR-VIB-UGent); November 18 and 25, 2009; 
Ghent, Belgium
	Technology transfer course (VIB); August 24 and 28, 2009; Ghent, Belgium
	Presentation & communication techniques; course by Jean-luc Dumont; January 
2009; Ghent, Belgium 
	Effective writing for life sciences research; course by Dr. Jane Fraser; May 6-7, 2008; 
Ghent, Belgium
	Advanced Qpcr workshop by Westburg; September 10, 2007; Brussels, Belgium
Teaching experience
	Academic Year 2006-2007, 2007-2008 and 2008-2009. Assistance practical course 
Gene-technology and Molecular Biology of plants, by  3th  Bachelor Biochemistry-
Biotechnology
	Academic Year 2006-2007, 2007-2008 and 2008-2009. Assistance practical course: 
Genetics of Eukaryotes, 3th  Bachelor Biochemistry-Biotechnology
	October-November 2009. Supervising student (Matthias Van Durme), Technical 
research Project, 1e Master Biotechnology UGent, 
	January-March 2009: Supervising student (Jonas Vanhaelen),  Bachelor thesis, 
Bachelor Biomedical Lab Technician, Erasmus Hogeschool Brussel
	October-November 2008. Supervising student (Carolien De Cuyper), Technical 
research Project, 1e Master Biotechnology UGent
Publications 
	Radziejwoski A., Vlieghe K., Lammens T., Berckmans B., Maes S., Jansen M., 
Knappe C., Albert A., Seydlitz H.K., Bahnweg G., Inzé D., De Veylder L. Atypical E2F 
activity coordinates PHR1 photolyase gene transcription with endoreduplication 
onset. (2011). Embo Journal, 30(2):355-63.
	Gaamouche T., Manes C.L., Kwiatkowska D., Berckmans B., Koumproglou R., 
Maes S., Beeckman T., Vernoux T., Doonan J., Traas J., Inzé D., De Veylder L. 
Cyclin-dependent kinase activity retains the shoot apical meristem cells in an 
undifferentiated state. (2010). The Plant Journal, 64(1): 26-37.
193
Curriculum Vitae
	Berckmans B., De Veylder L. Transcriptional control of the cell cycle. (2009). Curr 
Opin Plant Biol. Oct;12(5):599-605.
Manuscripts in preparation
	Heckmann S., Lermontova I., Berckmans B., De Veylder L., Bäumlein H., Schubert 
I. Arabidopsis thaliana CENH3 expression is regulated by the E2F/DP transcription 
factor family and correlates with its deposition at centromeres during G2. (being 
revised for resubmission to The Plant Journal)
	Berckmans B., Vassileva V., Schmid S.P.C., Maes S., Parizot B., Naramoto S., Magyar 
Z., Kamei C.L.A., Koncz C., Persiau G., De Jaeger G., Friml J., Simon R., Beeckman T., De 
Veylder L. Control of auxin-dependent cell cycle reactivation through transcriptional 
control of E2Fa by LBD proteins. (manuscript in submission)
	Berckmans B., Magyar Z., Van den Daele H., De Veylder L. Light dependent regulation 
of DEL1 is determined by the antagonistic action of E2Fb and E2Fc. (manuscript in 
preparation)
	Takahashi N., Berckmans B., De Veylder L., Matsui M. A CTF4/And-1 homolog 
in Arabidopsis aids efficient DNA replication and DNA repair. (manuscript in 
preparation)
Meetings
Attended meeting with oral presentation or poster presentation
	2nd Joint Retreat of PhD students in plant sciences, April 15-17, 2010, Cologne, 
Germany. Poster Presentation: Berckmans B., Rudiger S., De Veylder L. Identification 
of the transcriptional network involved in cell cycle regulation 
	EMBO conference: Frontiers of Plant Research, May 6-9, 2009, Cadiz, Spain. 
Poster Presentation: Berckmans B., Inzé D., De Veylder L. E2Fe/DEL1 levels are 
determined by the antagonistic action of E2Fb and E2Fc in order to control the 
balance between cell division and  endoreduplication.
	Tri-National Arabidopsis meeting, September 10-13, 2007, Zurich, Switzerland. 
Oral Presentation: Berckmans B., Rudiger S., De Veylder L. Identification of the 




	VIBES in Biosciences, International PhD symposium, October 13-15, 2010, Leuven, 
Belgium
	VIB seminar, March 5-6, 2009, Blankenberge, Belgium
	VIBES in Biosciences, International PhD symposium, September 18-19, 2008, 
Ghent, Belgium
	VIB seminar, March 6-7, 2008,  Blankenberge, Belgium
	VIB seminar, March 1-2, 2007, Blankenberge, Belgium
	VIB seminar, March 9-10, 2006,  Blankenberge, Belgium
Extracurricular
	Diploma Higher Degree Drawing Art, 2002-2008, Hagelandse academie voor 
beeldende kunsten, Aarschot, Belgium
	Student Representative, 2003-2004, Education commission Biochemistry and 
Biotechnology, Faculty of Sciences, UGent
	Gentse Biologische Kring, Student club, 2003-2004, Presidium: President, Final 
responsible of the student club
	Gentse Biologische Kring, Student club, 2002-2003, Presidium: Cultuurpraeses, 
Responsible for all culture activities

